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Section I 


INTRODUCTION AND SUMMARY 


1,1 (г) ж. GENERAL. (0) 


Project AQUARIUS is å part of the Advanced Research Projects 
Agency (АКРА) sponsored ocean surveillance and tactical early warning 
program under Project MAY BELL. The primary goal of Project MAY 
BELL was to investigate the feasibility of detecting and tracking sireraft, 
missiles, and ships at over-the-horizon distances using high frequency 
(HF) monostatic and bi-static radars, Concepts using the basic geometric 
configurations shown in Figure 1-1 have been explored. The MAY BELL 
program emphasis has been directed towards determining the attenuation, 
Clutter and propagation aspects that apply to concepta using surface waves; 
and investigating the basic feasibility of detecting and tracking aircraft and 
SLBM's for Fleet Air Defense (FAD) and Buoy Tactical Early Warning. 


Sylvania's primary «(богів under Project AQUARIUS have been 
to determine the feasibility of: 


(1) detecting both submarine launched ballistic missiles 
(SLBMa) and aircraft using surface wave propagation to 
the target and eky wave propagation from the target to 
the receiver, and 


(2) providing detection and tracking information under 
‘electromagnetic control (EMCON) conditions for 
FAD using shore-based HF (СУ) sources and shipboard 
receivers. 


Both analytical and experimental work have been accomplished to arrive at 
the conelualone included in this report, The principal results of the 
Snvestigation ате summarized in the remainder of this section! results 
related to early warning (EW) systems and results associated with Fleet 
Air Defense. The detailed presentation is included in Sections 2 and 3, 
respectively. Based on these findings recommendations are made in 
Section 4 for subsequent experiments and investigations associated with 
aircraft tracking under EMCON canditions using а polystatic configuration, 


‘The concepts explored under Project AQUARIUS can be applied 
to tactical early warning systems employed against aircraft and submarine 
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launched ballintic missiler (S1.DM») and fleet air defense (FAD) systems 
that must cope with hostile aircraft ond nåaviles under both friemily and 
enemy EMCON conditions. 


12 (у) ФИ EARLY WARNING SYSTEM - SUMMARY. (0) 


"The carly warning system configuration considered under Project 
AQUARIUS іе depicted in Figure 1-2. It consiste of low power buoy and 
Jane based transmitters that illuminate the target (an aircraft or SLBM) via 
å ground or surface wi ‘Target detection is accomplished via a sky 
wave reflection to а highly sensitive receiver lorated on the со! The 
primary goals of this effort were to experimental'y demonstrate the 
reasibility of detecting both SLBMs and low-flying aircraft end to compare 
the experimentally observed detection ranges to theoretically predicted 
detection ranges. The targets were detected by observing the scattered 
doppler shifted signal frum the moving targets. 


Predicted Detection Performance, (0) 


Propagation calculations to predict system detection performance 
using a modified version of the ESSA skywave propagation program were 
made for both the direct and the scatter-pathe between the receiver ait 
åt Vint Hill Farms Station (VAFS) and the buoy transmitter off the Flori 
coast and the Carter Cay transmitter (see Figure 1-3), Separate prediction 
analyses were made for SLBMs and aircraft. 


A constant scattering cross section of 100 МЕ was assumed [ог 
the SLBM at all altitudes below 100 km. Above 100 km altitude enhanced 
стоке section values of 104 to 105 m? were used, Because of the relatively 
low (10 watta) powers (and low frequency) of the buoy transmitters, the 
signal-to-noise ratio of the reflected doppler is almost negligible below 
100 km altitude for any time of the day for either 5.8 or 9.295 MHz (the 
frequences used in the experiment). Only above 100 km with the enhanced 
target crose nection is there any substantial chance of SLBM detection 
using buoy transmittere. However, with the Carter Cay transmitter veing 
3 kw and transmitting on frequencies near the MUF, the signal-to-noise 
patio and thus the probability of detection even at low altitudes іе 
above 0.8. Thus, the Carter Cay transmitters operating on frequencies near 
the IF hop MUF between Carter Cay and VHFS, should provide low altitude 
SLDM detections in the afternoon. 
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Figure 1-3. (0) Network Geometry (U). 
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1.2. 100 

The predicted detection performance for low flying aireraft was 
also examined because it fa important to determine whether or not aircraft 
flying controlled patterns near the buoys and Carter Cay can be detected. 
Thin was done by computing the expected detection regions around the 
transmitter using median operating values, The results indicate that 
aircraft with 100 m2 cross sections can be expected to be detected at 
distances in the range of 11-67 km from the transmitter; depending on the 
frequency and time of operation and hop structure. 


Experimental Results, (0) 


The principal experimente conaieted of two separate controlled 
Aircraft flights of a Navy PB aircraft to examine the detection capability 
of the bistatic configurations and two propagation measurements between 
the Carter Cay transmitter and the Vint Hill Farm Station receiver. 
Figure 1-3 deacribes the network geometry. 


The first flight employing а 10-watt buoy transmitter resulted 

in a detected aircraft doppler signature, However, it was not the P3B 
aircraft used in the test but an aircraft flying near the receiver at VHFS. 
This conclusion is reached because the time of the signature does not 
coincide with the time the РЭВ was closest to the buoy, Also, the predicted 
detectability region for the existing operating conditions (noize, ete.) 
extended at best to only 21 km while the РЭВ aircraft approached the buoy 
to within only 30 km, Thus, due to timing, geometry, and transmitter 
power constraints, the detected aignature is not considered to be due to 

the test aircraft. 


Тһе second flight test employed the higher powered (3 kw) Carter 
Сау transmitter to illuminate the aircraft flying at several altitudes from 
2.000 to 24, 000 feet, From thie teat it was concluded that aircraft below 
2,000 feet and within the predicted detectability regions (approximately 
11 km from the transmitter) can be detected using the buoy concept if at 
least З kw {e transmitted. 


Signol strength tests were performed to determine how accurately 
the prediction techniques correlate with mensured values and to estimate 
the hop structures for various frequencies. Tests were performed for two 
frequencies and at two times during the day. It was found that there wa 
good agreement between predicted and observed carrier levels for 1E, IF, 
and 2F hop structures. 
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"oO Ф seem Parameter Considerations: ал 


While the experimenta? results described berein indicate the 
basic feasibility of the ground-wave/sky-wave configuration, there remains 
а need for additional information to design a complete coastal defensive 
system. In particular, there many parameters that inter-relate the 
ground-wave/shy-wave mode that were not examined or tested in detail 
during this experiment, These include variations in frequency, path loss 
with time of day, season, ete. To perform an adequate design of an early 
warning system an examination of six areas was required: 


(3) — effective radiated power and surface wave from а buoy 
mounted antenna, 

(2) — surface-wave losses to the target, 

(8) — scattering or reflection coefficient of the target, 

(4) — sky-wave losses to the receiver, 


45) affective noisa at the receiver, and 


16) receiver antenna gain. 


е examined and the specific parameters that contribute the 
most uncertainty in specifying system design values were identified. They 
include frequency, path length, target aspect angles, null depth variations, 
receiving site noise environment, absorption, target altitude measurement 
toleranc: A proposed experimental program was 
recommended that could be accomplished in four phases. First, analysis 

and measurements are to be made to evaluate the coupling between the buoy- 
mounted transmitter and the surface wave which is vertically polarized. 
Second, additional analysis using modeling experiments is to be carried out 

to evaluate the difference between backscatter and forward scatter target 

cross section. Third, the path losses for both sky wave and surface wave 

are to be га id for an optimal set of frequencies and modes of propagation. 
Fourth, a preliminary system is to be defined as а result of the firat three 
phases. Thie design would include coverage area, control requirements, 

And an estimate of detection probability and false alarm ri 
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In lieu of pursuing the experiment 
tactical early warning system, Sylvania ма 
on the Fleet Air Defense (FAD) problem. 


needed to specify а coastal 
redirected to focus attention 


The detection of low-flying threats to surface vessels at а range 
sufficient to give useful warning time and tracking information i» a problem 
which must be solved if the surface navy de to survive. In detecting these 
threats the enemy must not be given the opportunity to use simple direction 
finding techniques to locate fleet units, Thus, it is desirable that target 
datection not require radiation from the fleet and that the fleet operate 
under complete electromagnetic contro} (EMCON). 


The feasibility of using a hybrid (skywave/surface-wave) system 
to help solve this problem has been demonstrated ав part of the MAY BELL 
program. In this concept, the target is illuminated by skywaves {rom 
transmitters (either ahipborne or land-based) located st over-the-horizon 
(ОТН) ranges. Surface waves which propagate from the target to a receiving 
system aboard а ship permit detectiona to be made even when the target is 
below the line-of-sight radar horizon, 


Experiments performed at Cape Kennedy, Florida, with a shore- 
based receiving atation simulating the shipboard environment, а Navy 

РУБ aircraft as a controlled target, an? illumination provided by the MADRE 
(pulse) and CHAPEL BELL (phase code) transmitters, located respectively 
in Maryland and Virginia, have shown the technique to be feaxible, For most 
ef the fights of the target fts altitude was 200 feet, and detections were made 
great ав 100 kilometers (km) from the receiver, 


Sylvania's investigations in this area were divided into two parts. 
‘The first was to examine the feasibility of using tranemitters of opportunity 
(оға polystatic doppler radar system for FAD in the Mediterra- 
nean Sea. The second part consisted of examining target tracking methods 
for use with such a doppler radar problem, Recommendations for follow-on 
experiments were then made to verify the tracking techniques (Section 4.2). 


The polystatic radar system that employs HF broadcast transmittere 

of opportunity and а ahipborne receiver (see Figure 1-4) was examined to 

determine the availability of sources for illuminating airborne threats to the 
во that a shipborne receiver can be employed to detect the target 
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Continued. 


71 oversthechorizon (OTH) ranges, This study was constrained to the 
Mediterranean region. The sources were examined lo determine the effective 
diated power of the tranamitter in various directions, especially over the 
Mediterranean Sea, the propagation modes, and the operating schedule of 

the transmitter. Propagation losses from the transmitter to the target, 

loos due to the scattering geometry, and losses from the target to the 
receiver were examined to determine predicted detectability regions. The 
тезш» indicate that the sources atudies can provide nufficiant coverage 

Ter the fleet over approximately one half of the Mediterranean Бев some of 
the time, More study (в needed to evaluate other sources with different 
transmission schedules to provide round-the-clock coverage. The large 
number of known transmitters that have not yet been evaluated and tentative 
knowledge of thelr characteristics and schedules appear to be sufficient to 

he additional coverage needed, The studies indicate that detection 
Fangen on the order of 100 km from the fleet should be possible, Section 3.1 
conteins the details of this analysis. 


азай) ФО Target Location Methode. (U) 


To provide tracking information for FAD, target location 
techniques using the basic polystatic configuration described previously 
wera examined, For low-flying atrera(t (below 1000 feet) and surface-wave 
propagation for the tergetereceiver half path, the location estimation problem 
Tin censidered to be a two-dimensional problem. Models for location 
vatimation were developed (or three configurations: a two-transmitter, оле“ 
Тесайует (double baseline) case, а one-transmitter, one-receiver (single 
and a four transmitter, one-receiver case (doppler location 
tinder), For the double baseline case two techniques were developed, one in 
which, azimuthal and doppler measurements are made at two different time 
points (өт each baseline and a second to represent a single set of meatore- 
mente for For the ingle baseline с third technique 
requiring two sets of azimuthal and doppler m developed. 
For the four-transmitter, one-receiver case, four doppler measurements 
are made to provide an estimate of target range and azimuth. Section 3.2 
contains a detailed description of the techniques. 
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DE OL d Error Analysis. (Ш) 


А detailed error analysis was conducted of three of the four E 
techniques. This effort excluded an examination of the Hirst technique 
(double baseline, double mes surement) because the other techniques are fr 
simpler to implement. В 


For the double baseline, single measurement technique it із 

shown that although the technique is not completely satisfactory under all 
circumstances, it is fairly successful for certain geometries and parameters. 
Both bias and random errors arise because of the need for approximations 
and measurement errors, For RMS measurement accuracies of ) degree in 
azimuth and 0,1 Hz in doppler frequency range estimate errors of less then 
15 percent of the true range can be echieved. 


For the aingle baseline, double measurement technique range | 
estimate errors of lens than 15 percent can also be achieved for the same 
earing and doppler measurement accuracies (I degree and 0.1 Hz). 
However, the error le expecially sensitive co transmitter-target-racelver 
geometry for this technique. Errors in excess of 80 percent can arise 
when the ahipborne receiver is located between the target and the transmitter, 
Bias errors are eliminated for target trajectories aimed directly at the ship. 


The errors associated with the doppler location finder technique 
were examined for a doppler measurement accuracy of 0.1 На RMS. The ~ 
RMS range estimate error is less than 15 percent in many cases and the 
RMS bearing estimate error із less than 67, In one case the range estimate 
error is less than 5 percent, Thie latter case assumes that four transmitters 
are distributed at the corners of a square centered around the ship with the 
target approaching from outside the square. This technique results in no 
bias errors and the random errors are generally lesa than those for the 
other techniques, If bearing measurements with 1 degree RMS error are 


used with the doppler Jocation finder technique then the location accuracies 
are quite good. 


The principal conclusions that can be drawn from the error 

is that target location can be estimated with reasonable accuracy 
(15 percent of true target range) using å number of techniques for а variety 
of FAD operational conditione, The most promising approach (or implemen- 
tation is a hybrid of the techniques considered. For exampl 


Н 
| 
for » given 
transmitter-raceiver geometry the doppler location finder that estimates 


analys 


range and azimuth from four dopplar measurements may be used with 
parate azimuthal measurements to estimate a target's location. Because 
ch of the techniques іе sensitive to transmitter-target-receiver geometry, 
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the target location system should include an algorithm for selecting the 
estimation method(s} for а ect of operating conditiene and combining he 

timated results using tests for accuracy. The estimation method (+) 
would be selected to minimize the errors for targets from different 
quadrants around the ehip for a given tranemitter-receiver configuration. 
The results of the different estimation methods would be compared and 
combined to provide the "best" estimate, 


Section 3,3 contains the details of the error analysis, 


13.4 % Prototype Aircraft Detection System Design. (0) 


The resulte of the investigation of transmitter sources for the 
FAD ayatem and the evaluation of target location methode were employed 
as inputs for a prototype aircraft detection system design. This system 
would provide a teat bed to verify the detection capability of the polystatic 
doppler radar aystem for FAD. In addition, the prototype system can be 
used to demonstrate the accuracies of the various target location techniques 
and eeiect parameters for a final FAD system, Section 3, 4 contains the 
details of the prototype system design. 


1.4 96 RECOMMENDATIONS. (0) 


Based on the early warning and Fleet Air Defense (FAD) 

investigations under Project AQUARIUS recommendations are made that 

apply principally to FAD systems. They include the development of å 

prototype aircraft detection aystem, the experimental testing of the FAD 

polystatic techniques using this system, and the conduct of subsequent 
ations necessary for system implementation, 


The prototype system and experimental t 
е the detection range of the polystatic technique and tn verify 
the accuracies of the target location estimation methods examined under 
Project AQUARIUS, The prototype system to be employed for the t 
can be readily implemented as described in Section 3,4. Ав mentioned 
previously, such а system can provide a test bed for final eystem parameter 
eelection, expecially in the areas of man-machine interface. In addition, 

it ean be used to evaluate hardware and software tradeoffs prior to the 
final system design. 
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The subsequent FAD investigations recommended, based en the 
results of thie study are to evaluate transmitter sources for use in the 
polystatic system for fleet operations in other parte of the world, to refine 
the target location techniques, and to examine the multiple signature 
discrimination problem, The source evaluation effort is needed to identify 
transmitters to be used for fleet early warning when the fleet operates in 
other areas of the world, The target location technique refinement study is 
intended to « mploy the results of the four methods examined under Project 
AQUARIUS for the development of a hybrid target location system that will 
perform satisfactorily under a greater variety of fleet operating geometries, 
‘The study should incorporate the four techniques to develop а composite 
method for reducing the senaltivity of target location eatimetion accuracy to 
tranemitter-target-receiver geometry. The experimental tests that are 
recommended rhould be closely coordinated with this effort во that the refined 
target location techniques can be tested. 


The multiple signature discrimination problem consists of the need 
to identify threats to the US Fleet and to distinguish them from other aircraft, 
objecta, and false alarms. Investigation of methods to efficiently discard 
the false alarms and to verify that an aircraft із hostile needs to be conducted, 


Amore detailed description of these recommendations is included 
in Section 4, 
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Section 2 


EARLY WARNING SYSTEMS 


U) QR As described in Figure 1-2, the early warning system con- 
figuration considered for investigation under Project AQUARIUS consists of 
low power HF buoy and land-based transmitters that illuminate the target tan 
aircraft or SLBM) via a ground or surface wave and a highly sensitive тес 
er located on the coast that detects the sky-wave target reflection from the 
target, The primary goale of this effort were to experimentally demonstrate 
the feasibility of detecting both SLBMs and low-flying aircraft and to compare 
the experimentally observed detection ranges to theoretically predicted detec- 
tion ranges, The early warning system investigation was divided into three 
part 


a. a predicted detection performance evaluation, 


b. experimentation за the field to meet the primary goals of 
demonstration and verification of theoretically predicted 
detection ranges, and 


с. — evaluation of early warning system parameters for design. 


‘These efforts are described in the following subsection, (Sections 2.2 and 
2.1). The conclusions of these efforts are contained in Section 2.4. 


зл (Chad PREDICTED DETECTION PERFORMANCE, (U) 


Propagation calculations to predict early warning system perform- 
ance using а modified version of the ESSA skywave propagation program 
(described in Appendix А) have been made for both the direct and the scatter 

paths between the receiver site at Vint Hill Farm Station and the buoy trans- 
mitters off the Florida coast, The purpose of these calculations was to esti 
mate the feasibility of detecting SLBM missile launchinge from Cape Kennedy 
and controlled aircraft targets using buoys at ranges of 100, 200 and 300 km 
fram Cape Kennedy and the Carter Cay transmitter. The geometry and parame 
atera were selected to provide theoretically predicted detection ranges for 
comparison with experimental results. 


2. % W мізге 


iom Performance, (U) 


Several scia of calculations using the computer predictions were 
performed. The receiving antenna at Vint Hill Farms Station used for alt teats 
Pr a tulip element LDAA built by ITT with an assumed maximum pain uf 10 dbi. 
Å constant scattering cross section of 100 га? was assumed for the missile ut 
all altitudes below 100 km, At altitudes above 100 km the bistatic cross section 
was modelled using а hyperboloid compressed ambient shock surface. The 
assumed cross section then changes [rom 10" m at low altitude to values of 
10° to 10% m above 100 km. The three buoy transmitter locations are at 100, 
200 and 300 km directly down range from the 105° Cape Kennedy launch azi 
muth, The Carter Cay transmitters are approximately 285 km down range 
м а 123° azimuth from Cape Kennedy. The transmitted frequencies for the 
Buoys were the presently assigned values of 5.8 and 9, 295 MHz. These fre- 
quencies, plus frequencies of 15 and 20 MHz were assumed for the Carter Сау 
transmitters, The buoys were assumed to have г transmitting power of 100 
watts radiating from monopole antennas. The Carter Cay transmitters were 
umed to be radiating 3 kw into monopole antenn: 


cause of the low power and relatively low frequency from the buoy 
transmitters, the target signal-to-noise ratio was generally found to be negli- 
gible when the target is below 100 km for any time of the day for either fre- 
Wuency. Only above 100 km with the enhanced target cross section does there 
appear to be ‘substantial chance of target detection using the buoy trans- 
пете, However, with the Carter Cay transmitter using 3 kw and transmit- 
ting on frequencies near the MUF as shown in Table 2-1 the signature-t «noise 
ratio and thus the probability of detection at even low altitudes 4« quite sub- 
stantlal. In fact, there аге many cases for which the signal-to-noise ratio 
exceeds 15 db. Thus, if the high power Carter Cay transmitters continue to 
operate and transmit on frequencies near the ) F hop МОР between Carter 

ang VHFS then low altitude SLBM detections in the afternoon should be possible. 


2 (Ў Ф Asreratt Detection Arene, (0) 


Even though the probability of detecting SLEM launchings from Cape 

Kennedy 4s quite low (due to the relatively long range from the buoy to the tar- 
get) it ie important to determine whether or not aircraft flying controlled pat- 
Жі near the buoys and Carter Cay can be detected. A way to evaluate this 
sults is to compute expected detection region» 

‘Variables that must be considered when ci 


| 


st ii 


(ар) opes еде 1283v-03-20)3200 = 66/24 
{ap} ohen 2ejou-oj-]rud]s IL = м 


СЕТ 
0852 1 91792 976 5 - — веі 
9702 БЕЗ gga ж » 9 
16 см SED OLHE BLD = - 68%: авг 


YO 611 


or "92 


уя ov 


9°09 
тоғы т! - 


9°09 
өл: ozi 66 
кі 


IC LASSIFIED) 


пле € 00*22 69 - - 5 
— — 
9 1799 T9) — - сетот ава], 1% 
5 шала rb io £ - - 5 ға 0%: NIS 
2 * 
2 col: спо шле 5791 „ 
å 25 5 қ 
2 1012 ове: + | 
É Н 
“ят РЕ | 
a 
Е | 
5 
5 


(n) “any om veau unte Sujen зәцүшашта. hep 399287 10] 
6961 забшәлор 40} әэштшзоуләд Wass рэзэтрэга (0) 


"L2 алау 


— т 


ма са сә ER ші на сә сона ға па са са сз вз са СЭ СЭ | 


vår Ua уу М, JE 


== Continued, 


are most Нкеу (о occur can be generated, as well as obtaining an underatand- 
ing of how а particular variable affects the overall detection area. 


Detectability regions have been calculated for various frequencies, 
hop structures and noise levels using а buoy located 120 km from Cape Kennedy 
as the transmitter and VHFS, Virgini the receiver. A sea state of 5, 
transmitter power of 50 watts, ground-wave propagation from tranemitter tu 
target and sky-wave propagation from target to receiver and в required signal- 
to-noise ratio of 3 db have been assumed. 


The following technique is applied tn find the area of detectability. 
From the bistatic radar equations®, the total power loss over the scatter path 
des 


L = Р, u L. 


2 + Ly 13 0. 


т 
where: Py = power transmitted; 
Pa = power received; 


т" loss over transmitter half path, Т; 


Lo = loss over receiver half path, Ri 
Lg * system loss; 

С. = gain of transmitter antenna; 

© 


= gain of receiver antenna; 


O = target сто ction (meters); and 


A = wavelength (meters). ~ 


Assuming а minimum allowable scatter path signal-to-noise ratio 
of 3 db, the required power received would be at least N + 3 db, where Nis 
the noise level at the receiver. 


SSee Skolnik, Merill L, Introduction to Rader Systems, McGraw-Hill Book 1 
Company, inc., New York, New York, 1955. ј б 


————— 
з 
2 


From (2-1) 
L 


and hence: 


Los Py-N-3db. 


Substituting equation (2-3) into equation (2-1) and solving for Ly * Ly, 
renults in: 


ano 
L I Pr „ 15 . 4101 72 . (2-4) 


Equation (2-4) provides an expreasion for calculating the total allowable scatter 
path loss between a transmitter and receiver while still maintaining sufficient 
aignal strength to detect the target. Using different values for D- layer loi 
and sky-wave propagation over the transmitter-target half path, 0 = 100 ге! 
д the appropriate t: imitter/receiver gain parameters, the maximum loss 
sociated with the target-receiver half path (1...) can be obtained for various 
conditions. These L, losses can be converted to recelver-target ranges using 
Barrick's lose tables? and the detection regions can be obtai: This tech. 
nique was used to calculate the detection area around the transmitter for vari- 
ous frequencies and atmoepheric noise conditions. The results of the detection 
aren calculations are tabulated in Table 2-2 and a vertical projection of some 
2 of the regions onto the ground is shown in Figure 2-1. The reason for the 
egg-like shape is that the area boundary is the locus of points such that the 
product R, Ry іе equal to a constant (see Section 3.1.3 for a more detailed 
description of the evaluation method). 


са сз MS ез са сз со сз r3 r3 сз a 


Referring to Figure 2-1 we see that the largest area of detection is 
for 2F hop eases for both 5.8 and 9.259 MHz, as compared го the IE hop 
situation, This is because there is substantially le ет loss for the 2F 
: hop mode than the 1E hop mode due primarily to the different path lengthe in 
* the D-region itself. With higher modes the incident angle through the D-layer 
de higher, thus the Joss on these paths due to D-layer absorption i» smaller. * 


ез 


Barrick, D. E., “Theory of Ground-Wave Propagation Across a Rough Sea 
at VHF/UHF", Battelle Memorial Institute, Draft Report (1970). 
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Table 2-2 1 


(U) Summary of Detection Region Calculations (U) 


61.0 48,5 102.2 211.7 -1800B) 


5.800 2F 67 79.1 304 102.2 211.7 +180(B) 


$.800 1E 10 59.5 . 102.2 195.7 -153M) 


9.259 1E 34 80.1 21.9 108.7 210.7 m) 


9.259 оғ 48 86.2 15.8 108.7 210,7 -172(B) 


9,259 1E 44 84.7 15.5 108.7 208.7 -16904) 


9.259 IF 65 90.8 9.2 108,7 208.7 -169(M) 


15.000 1F 60 101.0 40 112.0 216.9 таму 


15.000 IF 67 1096 5.9 112.0 221.5 ELI 


1136 2а 114.5 230.1 -18504) 


B = Best noise case 0800-1200 Local Time 


M е“ Medium noise case 1600-1200 Local Time 


See Figure 2-1 for Ry and Re definition 
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For the 2F hop modes the region at 5.6 MHz is larger than the region at 
9.259 MHz. This is due to the fact that the loss is greater at higher fregutn- 
cies. However, for the 1E modes the situation ie reversed. The higher fri 
quency also results in the larger detection area. This is because the D. 
Joss on the 9.259 MHz frequency is substantially less than thc Delayer loss at 
5.8 MHz and this dominates the ground-wave propagation advantage 0! the 
lower frequency. 


From Table 2-2 we вес that the detectability radii (Ri) tend to in- 

crease with increasing transmitted frequency. However, once the frequency 
4 to approximately 15 MHz, the spreading looses over the transmitter. 
et half path cancel the effect of decreasing D-layer lose and decreasing 
atmospheric noise во that the growth of the det ectability region virtually stops, 
Note that the detectable radii (Ry) are approximately the same at 15 and 20 
МНЕ for the beat noise саве, It ie also observed that varying transmitter 

ет and transmitter or receiver antenna gains have the same effect on the 
size of the detectability regions. That is a db of gain or loss whether gener- 
ated from varying transmitter power or antenna gain enters the radar range 
equation in the same way, 


22 (y ØP DETECTION EXPERIMENT. (U) L 
2.2 (v) UP бе (о) | 


A то The mature and the time frame of this project, the experi- 
mental data were collected by using equipment developed by other Project 
MAY BELL participants or by using hardware developed for other programs. 
Both the buoy and the CW transmitters at Carter Cay used in these tests, were 
also used for the ground-wave measurements which Raytheon was conducting, 
The receiving system in use belongs to the USASA field station located at Vint 
Hil Farm» Station, Virginia, and consisted of a linear disposed antenna array 
and multichannel HF receiving and recording equipment. 


In tha description of the detection experiment the transmitter and 
receiver site cbaracteristice are first described. Then the receiving system 
calibration and experimental geometry are discussed, The results of the 
experiment are then presented. 


2.2.2(y) ФР Transmitter Characteristics. (U) 


Two different types of transmitters were used in the experiment, 
Those teste conducted prior to December 1969 used а buoy-meunted trai 
mitter of approximately 10 watts radiating at 5.8 and 9.259 MHz, The 


mon 
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antenna on the buoy consiste of г top-lowded vertical monopole cut for a 
quarter wavelength at 7.5 MHz. This buuy was anchored off the coast of 
Florida approximately 120 kilometers downrange, and at an azimuth of 113 
degrees from Cape Kennedy. The tests conducted in January and February 
1970, used the CW transmitters on Carter Cay. The power of these CW 
transmissions ranged from 100 watts up to 3 kilowatts depending upon time 
and the particular transmitter in use. All of these transmissions radiate 
into quarter-wave vertical monopoles cut for the frequency іп vee. 


2.2.3 (U) WF Receiver site Characteristics, (U) 


Two separate receiving systems were used at the receiver site 
located at Vint НІШ Farms Station, One receiving system мав а van-mounted 
high dynamic range digital processing system containing synthesizer controlled 
receivers (Sylvania R-27A receivers): digital epectrum analysis* using а 
CDC 1700 general-purpose computer and both analog and digital PCM recording 
capability, The second receiver system fa located in two back-to-back house 
trailers, and consiste of а DF set connected to an LDAA steerable beam 
antenna and 12 analog receiving channels using R390A receivers. The R390A 
Teceivers connect to both а real-time analog spectral display and a 12 channel 
analog tape recorder. The block diagrama of these two receiving systems are 
shown in Figures 2.2 and 2-3. 


2.2.40) Ф Receiver System Calibration (U) 


One important goal of this project is to be able to predict the detection 
performance of the buoy tactical early warning system, Thus, it is desired to 
compare predicted signal and noise values to actual measured data, Then, if 
there exiet significant discrepancies between the actual and observed data, the 
predictions must be modified to correct this difference. 


‘The standard calibrations performed on the system included a mes 
urement of the received carrier strength and also the received noise power 
Teferenced to a 1-Негіз bandwidth. The process of measuring the received 
carrier strength was a simple procedure of comparing the receiver IF output 
signal level when it was connected to the antenna, to the IF output level when 
the receiv: 8 connected to a synthesizer having the same HF frequency ar 
the carrier signal being measured, The average ir output level for that 


Am а ТІ. К 
тыры Spectrum Wi. not available after Jenuary, 1970, due to termin- 
ation of the computer 1 
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particular carrier vignal was noted, Then the synthesizer at the same fre- 
quency was fed tu the antenna terminals and the output amplitude adjusted until 
the reeciver IF output signal strength wan the same, The synthesizer signal 
level was then measured and converted to db with respect to a watt. This 
signal substitution method gave the received carrier strength in dbw and var 
rhessurod within the narrow IF receiver bandwidth. 


Тһе determination of the noise level al frequencies near the carrier 
was done by AM modulating the on-air carrier signal with an audio frequency 
square wave using a very small percentage modulation. The amplitude of 
these modulation tones was observed at the output of the real-time spectrum 
analysis display. The modvlation percentage was then reduced until the 
modulation tones disappear into the background noise of the display. Because 
the modulation percenti sily converted to signal level in db below the 
carrier and the spectrum analysis bandwidth was I Hz, the relative carrier- 
to-noise power was directly obtained referenced to а 1 Hz bandwidth. Thus, 
il the calibration tone disappeared into the noise at a level of 64 db below the 
carrier, ft was esaumed that the noise value wi о 64 db below the carrier 
value. This carrier-to-noise ratio was then subtracted from the received 
carrier strength to obtain the measured noise power in dbw per Hz. 
------------- 


220 Results of Experiment. (0) 


The principal experiments consisted of two separate cm: elles 
aircraft Шум» of a Navy РЭВ aircraft to examine the detection capability of 
the bistatic configurations, and two propagation measurements between the 
Carter Cay transmi. the Vint Hill Farm Station receiver. The two 
flights, denoted as Events I and 2, are shown in Figure 2-4 «nd 2-5, respec- 
tively. The network geometry іе shown in Figure 1-3. 


‘The first event on 18 December 1969 employed а 10-watt buen, 
transmitter (instead of a 100-watt transmitter as examined in the prediction 
analysis) located 120 xm from Cape Kennedy on an azimuth of 113°. A 
Navy P3B aircraft waa flown at an altitude between 300 to 600 feet, and speed 
between 200 and 400 knots, slong the flight path shown in Figure 2-4. A 
signature was detected en $, В MHz between 1750-17552 and 2000-20052, 

The propagation conditions are summarized below-- 


RF: 5.8 MHz 

Tranemitter Power: 10 W. 

Carrier Le -92 dbw 

Noise Level: -160 dbw 

Calculated de‘action radii: 3 km (1E Hop), 6 km (2F Норі 


att buoy transmitter was built after the anelysis using the 100-watt 
completed. 
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The detected signature is not considered to be the РЭБ test aircraft, 
aircraft flying near the receiver at VHFS, The predicted delecta 
region for this day extends at best only to 21 km, The P2B's clo 
to the buoy is only 30 km. Also, the period of the first Doppler signature 
sign change occurs 2.8 minutes earlier than the predicted closest approach. 

In addition, the Doppler signatures obtained (although consistent with those for 
an aircraft) were much stronger than could be expected from the test aircraft 
using а 10-watt transmitter to illuminate the target. Therefore, because of 
inconsistent timing the distances of aircraft from the tranamitter and receiver, 
and the strength of the detected signatures using а 10-watt transmitter, it iu 
concluded that the detected signatures were not the P3B test aircraft, but 
rather another aircraft flying over the receiving antenna. 


The second event on January 27, 1970, employed the 3 kw Carter 
Cay transmitter and a P3B test flight at a speed between 200-300 knota, The 
aircraft flew the pattern shown in Figure 2-5 at successive altitudes of 24,000, 
14,000, 12,000, and 2,000 feet. The propagation conditions are summarized 
below: 


Receiving 
RE(MHz) ХМТА Power (watts) Antenna Cain (db) — Noise Level (dbw! 
10.167 3,000 17 -137 
15.595 з, 000 25 -145 


The detections for the first and second passes of the aircraft near 
the transmitter at 15.595 MHz and 10.167 MHz, respectively, are shown in 
Figure 2-3. The predicted detection regions for these frequencies are also 
included in the {igure for comparison, The experimental data generally agree 
with the predicted results except that the detections are expected sooner 
during the flight. The lack of a signature during aircraft Might at high alti- 
tudes (e.g., 20,000 ft.) over the Carter Cay transmitter may be attributed 

to aircraft Might in the vertical null of the antenna. Both signatures were 
obtained for aircraft flight below 2,000 feet. Therefore, it can be concluded 
that aircraft detection below this altitude and within the predicted detectability 
regions can be detected using the buoy concept if sufficient power іе trant- 
mitted (e.g., 3 kw). 
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The conclusione derived from the early warning eystern study are: 


а. Detection of SLBM» at altitudes below 100 km fa unlikely 
using buoy transmitters with 100 watts or less, anda 
landbased receiving system for the network geometry 
shown in Figure 1-3. However, with the missile at 
altitudes above 100 km (at which the missile radar cross 
section fa enhanced) ction appears possible. 


b. For buoy (or landbased) tranemittera with 3 kw power 
and transmitting near the MUF, SLBM detection fs 
probable for the network geometry in Figure 1-3 at 
both low and high altitudes. 


с. Aircraft detection regions can be estimated with fair 
accuracy because the experimental results generally 
agree with the predicted results, Using a 3 kw trens- 
mitter (Carter Cay) aircraft can be detected at distances 
ае great an 60 km with a receiving site at VHFS. 


The conclusions indicate that it іе basically possible to detect air- 
creft and SLBMs using а bistotic HF radar configuration in which а buoy 
transmitter is employed with ground» or surface-wave propagation to the 
target and aky-wave propagation between the target and the receiver. How- 
ever, transmitter power on the order of 3 kw or more is required, In addition 
it may be må Ty to judiciously select the frequency of operation t^ mini- 
mize the D-layer and spreading losses for target detection under different 
transmitter · target -detection geometries, 
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FLERT AIR DEFENSE 


е? ‘The detection of low-flying threats to surface vessels at a range 
ful warning time and tracking information ls a problem 

horizon detection (OID) systeme can offer a solution, 

portrayed in Figure З.І je expecially desirable 
Н å ime for fleet air defense (FAD) 
by detecting targets at long ra but aiso provides the detection infor- 

ut requiring active radiation [rom the fleet, Thue, the enemy 
ал opportunity to locate the fleet by employing direetion-finding 
‘against а fleet monostetic radar transmitter. 


WHY) The rente ot the investigations for FAD are presented in four 
rts. The firet describes the feasibility of using a polystatic system to 
Aircraft detection regions are 


Jo the operating schedules of the transmitter 
sources мете examined to determine the degree of 24 hour covera; 
‘The 


cond part of the FAD investigation describ 
that can be employed using the basic polyatatic configuration, Equations 

are derived for each technique to show how the target range can be estimated 
using measured and known paramete: The third part is the resulte of an 
error analysis of th target location techniques that are feasibie The 

јав a andom errors associated with each technique а 
fourth part describes th ign for a prototype aircraft detection system. 
Ты» system can serve av the test bed for experimental verification of poly- 


static techniques and system evaluation to select the parameters for the fina) 
system designe 


m" 


POLYSTATIC SYSTEM DETECTION FEASIBILITY. (0) 
5.1. (% ШИ” General, (UY 


Тһе polystatic system for FAD consiste of HF broadcast transmitters 
ef opportunity for {urinating the target and а shipborne receiver (see Figure 
3-1) for detecting the target-reflected Doppler signature. The detectability 

el this system war investigated for FAD operations in the Mediterranean Sea. 
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‘Two бурае of propagation mechanism wei 
consists of ground-wave propagation between the tri 
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and also between the target and the shipborne receives, The second cunsisiy 
of aky-wave propagation between the transmitter and the target and ground» 
wave propagation between the target and receiver, These two types are 
denoted ав ground-pround and sky-pround modes, respectively. 


To accumplish this feasibility study the efforts considered three 
aspects: source availability, the operating schedules of sources, and the 
coverage provided by available sources. These are described below. 


3.1.2 (9) wv Available Transmitters. (0) 


je transmitters were categorized into two groups based on the 
polarization of their radiated signals. Horizontally polarized signals were 
considered for sky-wave propagation only on the transmitter-targat half path 
since the attenuation of the horizontal component of a ground-wave over sea 
water is very large, The vertically polarised signals, an the other hand, 
were considered for both sky-wave and ground-wave propagation for the 
tranamitter «target half path. 


‘Tabla 3-1 lists some of the transmitters in the immediate vicinity 
of the Mediterranean which have been evaluated along with transmitter 
location, lected frequencies, transmitter power, beam information and 
Polarization, The locations of the tranamitters are displayed in Figure 3-2, 


‘Transmitter scheduling is also an important factor in the evaluation 
of these transmitters, Historical records of scheduling were examined along 
with current information from FBIS to determine the schedules for each 
tranamitter. Figure 3-3 shows the scheduling for the transmitters in Figure 
3-2. Transmitters are available around the clock for coverage of some areas 
ef the Mediterranean, but more sources must be located to provide complete 
around-the-clock coverage of the Mediterranean, 


ЕО”, Coverage, (0) 


Figure 3-4 illustrates the geometry for а bistatic radar detection. 
Several requirements must be satisfied in order to make a detection. First, 
the received scatter path signal, Т.А, must be above the noise level present 
At the receiver. Second, the direct path signal must be received. (in the 
case of transmitters with sufficient frequency stability, а synthesizer signal 
san be used where the direct path signal cannot be received.) Third, the ratio 
of the diret path to scatter path signals must fall within the dynamic range 
limitations of the receiver. 
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Figure 3-4 (7) Typical Geometry. 


‘Actual propagation loaves for each half path have been calculated 
for selected transmitter «targut-receiver peometriee to e alate the coverage 
for Паје to the fleet. For sky-wave propagation, the losses VETT calculated 
Bling the propagation prediction package by ITSA ESSA For ground-wave 
propagation, the losses are taken from Barrick's tablett. 


Figure 3-5 shows an example of one of Barrich's tables. ТЫ» 
particular table із for 7 MHz, Sea State 4, 20-knot wind, and propagation in 
The ypwind-downwind direction. The effect of each of these parameters is 
that increasing frequency increases the loss, rougher аға state increases 
and propagation in a crosswinó direction hat lese lop» than рой 


de 


iterranean was divided into 5 
Each section was evaluated individually to determine the amount 
d to a ship while it was located within that arca. 


sections. 
of coverage protection afforde 
Evaluations were made for representative transmitter-aircraft-ship positions 


do see if the detection system was feasible, 


3.1. 3.2 (QU) Ground Wave, „Ground Wave Propagation, ал 


Tor the саве in which ground-wave propagation oceuto пода both 
half paths, the coverage provided by transmitters with vertically polarized 
signed» was evaluated waing the following parametere: 


а. target cross-section g = 100 м 
v. е; а Ск = 0db; 
e М а 150 dbw ad -170 dbw; 


а. frequeney--7 MHz, and 
m syetem loss Lg . 30. 
r си 
+ Barghousen, T F.. et al, Predi ional Parameters 


of High Frequency Skywave ESSA Technical 
Report, LRL 110-175 78, U.S, Department of Commerce; May 1959. 


те Barrick, De E., "Theory of Groundwave Propagation Across a Rough Sea 
Bi Dekameter Wavelengths", Battelle Memorial Institute, Columbus 


Laboratories; January 1970. 
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5. 1. 1. 2 % ~: Continued. 


The two noise levels account for diurnal changes in the noise leve) 
of the receiver, The frequency of 7 MHz was selected since it la lav enough 
to provide reasonable ground-wave losses and high enough to have reasonably 
low noise levels for the detection of aircraft, To determine the region of 
coverage provided by this propagation mechanism, the shigbozrd receivers 
were ausumed to be 200 km from the trananittere, With this assumption, 

a contour of constant sensitivity (Oval of Cassini) was constructed around 
the transmitter and receiver which determines the region of detectability of 
an aircraft fur that transmitter-recelver combination. This was done ina 
number of transmitter-receiver савев and the results (Figure 3-6) indicate 
thal coverage із quite good in the northern central part of the Mediterranean 
Ocean, 


3.1.3.3 (U) Sky Wave-Ground Wave Propagation. (U) 


For each of the five areas in the Mediterranean, propagation 
predictions were made for selected tranamitters to evaluate the use of 
aky-wave propagation. Target Шиг ation by line of eight and one F-hop 
propagation (а feasibic for detection purposes, but hop structures with more 
than I F- hop for the date and time evaluated incur too much lose over the 
transmitter half path to afford any reasonable protection. Noise calculations 
and propagation conditions were calculated for 15 September 1970 at 08002 
(М = -165 dbw). 


Five aft positions were evaluated with shipboard receivers 
located at select sitione around the aircraft, The regions of detect- 
ability for each tr.  citter-receiver combination (Ovals of Cassini) were 
mot calculated at this ime, but a» a first estimate of the protection provided 
"by each transmitter, the following technique was used. For в specific air- 
стай position (altitude 3,000 feet), loss over the transmitter-target half 
path was evaluated from the ITSA ESSA prediction program. Lp was then 
calculated and converted into a distance Dy, using Figure 3-5. Assuming 
the target осам irs equally in all directions, а circle of coverage can be 
drawn around the aireraft of distance Ру. Any receiver located within the 


circle should detect the aircraft. 


For example, consider transmitters located at Algiers and Madrid, 
an aireraft located at 37-99N, 2-07E, and a receiver located at SEN, OE. 
The predicted losses over the transmitter half path are 116 db for the 1 F- 
hop mode from Madrid and 91 db for a line-of-sight mode from Algiers. 
Solving for L, and converting to а target-recelver distance from 
Figures 3-4 gives 70 km for the Madrid signal and 205 km for the Algiers 
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signal. Any receiver within these diatances from the aircraft should be able 
to detect the aircraft. Figure 3-7 illustrates this example, In this example 
the shipboard receiver located at 38N, OE, would dclect the aircraft on the 
Algiers frequency, but not on the frequency from Mad An the aircraft 
closed on the ship, the Madrid frequency would also make a detectiun, 


Using these methods to evaluate the coverage for each area, the i 
following resulte were found (see Figure 3-8). For arca one, transmitters 
Located at Lisbon, Madrid, Tangier, and Algiers were evaluated for the 
receiver and target position given inthe example. The transmitters aifurded 
protection at distances from this aircraft of 20, 20, 70, and 205 km, respec- 
tively. 


For area 2 transmitters located at Algiers and Rome were eva! 
vated for two different ship positions, Algiers provided detectability at 
70 km from the aircraft while Rome provided detectability at 100 km. 


For area 3, transmitters were evaluated at Caltan: 
Ata, Rome, Tunii 
detection ra 


etta, Alma 
Tirane, and Tripoli. Tripoli provided the greatest 
at 80 km with Rome and Tirane giving 50 km detection range. 


For areas 4 and 5, the gr: 
evaluated was 100 ken fn each case. 


test detection range for the transmittere Е 


E 
In addition to the transmitters evaluated, a great number of ров- IB 
Ыс transmitters at other locations still remain to be evaluated around the 
cou: of the Mediterranean. Table 3-2 is a partial listing of these locations. 
Tranimittere with power as low ав 1 kw can be used for line-of-sight cover- 
‘age along the coast and IF Бор propagation into the interior of the ғ. 
Development of these sources is necessary for round-the-clock coverage 
as well as multiple channel coverage (l- e., on severa! transmitter frequencies) 
el a ship at any point in the Mediterranean, 


с” 


‘The conclusion that can be drawn from this analysis is that the use 
of trannmitters of opportunity ве part of a polystatic HF radar system is 
ible for FAD in the Mediterranean Sea. However, before a eystem it 
implemented, thera із a need to evaluate the transmitter sources that have 
mot been examined to identify the specific transmittere that should be employed 
by the fleet during operation in different areas of the Mediterranean Sea. 
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Table 3-2 


(U) Additional Transmitters (U) 


Tobruk, Lybia 


Cartagena, Spain Beide, Lybia 
Valencia, Spain Bengazi, Lybla 
Barcelona, Spain Annaba, Tunesia 
Safaqis, Tunesia 


Marseille, Franc 


Nice, France Oran, Algeria 
Pisa, Daly Melilla, Morroco 

Naples, Баі Balearic Islend 

Izmir, Turkey Corsica НЕ 
Latakia, Syria Sardinia | 


Port Said, UAR Crete 
Alexandria, UAR 


Cyprus 


An described previously, protection of the fleet againet low-fyine 
aireralt and/or cruise m en may be accomplished using а bistatic radar 
with а here based tranamitter for target illumination combined with passive 
shipboard reception. The target location methods considered in thie section 
appear to eliminate two fundamental problems associated with CW-Doppler 
bistatic radar: 


as Target signal amplizudes given no indication of whether 
the target (а near the transmitter or the receiving ship 
because the blatatic radar range equation із symmetric 
about the transmitter-target and recelver-target ranges. 


b. Single Doppler measurements alone cannot provide 
unambiguous target location since single Doppler 
measurements have a fourfold location ambiguity caused 
by the geometric symmetry between the transmitter, 
receiver and ter; et. 


Four separate derivations are given describing techniqu: 
may be used to locate and track low-flying targets which may threaten а 
wurísce fleet. They al) asaume a two-dimensional (flat earth) situation that 
de reasonably accurate (вее Section 3.3.4) for loweflying ајтстаП and cruise 
missiles. The four techniques are: 


а. the double baseline, double measurement range estimator, 

v. the double baseline, single measurement range estimator, 

e. the single baseline, double measurement range estimator, 
. ша 


4. the Doppler location finder. 


The fret two techniques employ two transmitters and one receiver 
as shown lo Figures 3-9 and 3-10, respectively. For the first method (dc ¡ble 
baseline, double measurement range estimator) two target-scattered Dopp. т 
returns and their directions of arrival are measured at two different pointa 
along the target's Might trajectory. Eight measurements ere employed to 
estimate the target's location." For the second method (double baseline, single 
mei rement range estimator) the estimate із essentially made using the twa 
Doppler returns and their associated directions of arriva) measured at one 
flight point. The third technique {ingle baseline, double measurement range 
astimator) uses two sets of Doppler returns and associated direction of arrival 
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LEGEND: 
. GROUND кансе FROM RECEIVER 
TO TARGET АТ TVO POINTS OM 
TARGET PATH 
V т TARGET VELOCITY VECTOR 
4 © ANGLE AT THE RECEIVER BETWEEN 
TRE TWO LOCATION BASEL INES 
R = RECEIVER 
тұл; = TRAKSMITTER 1 AND 2, RESPECTIVELY 


оро; + ME ‘THE. DISTANCES BETWEEN THE 


RECEIVER AXD TRANSMITTERS T, AND 
T, RESPECTIVELY (KHON А тізі) 


Figura 3-9 (U). Double-Basellne.Two-Me: 
* Modal, (U) 
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Figure 3-10 (0). 
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Double-Baselino, One-Messurament 
Model, 
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and a single transmitter source to estimate the larg: 
which uses the configuration in Figure 3-11, la ope: 
fret twe because of the need for fewer measurements and ttanemitter sources. 
The fourth technique (Doppler location finder) employs the Doppler returns 
from the target Uluminated by four transmitters to estimate both range and 
azimuth, All four techniques provide location information on the detected 
target. 


‘The derivation of equations for each of the four methods ја included 
below. 


3.2.1 (U) Double-Baseline, Two-Measurements Range Estimator, (М) 


Consider the single haseline, one time point situation shown in 
Figure 3-12, where a vehicle іе moving at an unknown velocity Û, the distance 
between the tranrviitter and the receiver ја assumed known to te D, а 
transmitter ie .ecadcasting on а known wavelength à. Tha azimuth angle of 
the target at tua r. ive, а, and the Doppler shift, Af, are measured. 


Whe sac. h. Sipptor mhitt for this geometry may La written as 


4... 


tt „ fed 


. -A (cos en + е» 6) . 


Angles @, and 6, саз alto be written: 
К & = 94048 
С ТИМ 


Tosrefore, 


af = У former + 0) + ма [8 ۰ 5] | 


— — p Cp сч AAA мы мы ®ш 


mts Model. (U) 
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3.2.1 ал Continued. * 


Also, 


а“ tan (E) 


U there are two transmitter geometries, which shall be dun- 
guished using eubscripte, then the following three equations can be written; 


at Я, | ана е 


2, tino. 
-A, fr e,t bp) + win b^ ual). al (3-2) 


LL 3-3) 


where € ls the angle between the two baselines, as shown in Figure 3-9. 
‘The value of С may be calculated because the coordinates of the two trans- 
mnitters and the receive: этпей known, 

Y additional azimuth and Doppler measurements are made for 
these same two geometries at some time Lt later, then fuur 
can be written, This set of equations is distinguished Бу a auperneript 


en + tn fran”? å 


ы, Å a fog! 4 8) + sin P ( 
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т a, > våt cor å а-ә | 


våt cos 6, om 


n. Al) seven equations can be combined into a systern 


The last two equations are a result of the constant velority and 
in four unknowns by eliminating 8, from the equations, 


Ant - Fv, ЫЫ 5) 


where the Ful“. are different funetions of the argument parameters. 

The unknowns U, ау, аз ари бі. The measured quantities are dı, - 
ay, ey, ал, М), М, Му, код М". The quantities knows а priori 

are Dr. Dy, Ху. да, Bt, and с. The above ве! of simultaneous equations 

may be solved for the unknowns and the ground range from the receiver to 

et could be calculated by 


Р 


Although this procedure yields four independent equations which 
may be nolved for the target position, а slight reformulation of the problem 
саз reduce the number of equations by two ва described on the following ра 
Because this reformulation simplifies the double baseline, two mi 
technique, this firet target location technique will not be examined further. 
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.2 (U)  Doubie-Basclinc, One-Measurement Range Estimator. IU 


The variables for the double-baseline, one-measurement mode) 
are defined in Figure 3-13, Ae in the previous case, the transmitter- 
receiver distances, D, and D., ang tho transmitter wavelengths, i, and 
Åp, are assumed known a priori. The azimuths, en, and оз, and Doppler 
айа, 54, and М», are the only quantities requiring measurement. 


From another form of the Doppler equation, 


where ў © dp/dt and A, * ата. 
From the law of cosines, 
22-2 172 
тұ * {р жр e 2pD, cor a) 
so 
E (pb = PD, cos m, + pD å) ieh 
шара - 2pD, «ва > (3-8) 
1 1 1 
where b, de 
Similarly 


АСЫЛ ap t Len- 


2.57 172 0-9) 
(på D” -= znr сов еў 


Note that b, = b, = й. Thequantity å can be estimated using the pre- 
vious azimuth measurements as follows: 


1900 - 0, 0-40) + [е 
ё = FYN 
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7.2.2 а» 2: Continued, 


Now define h. . Gir Fie and s, as follows: . Le у, 
2 77 T3 | | 
. А і 1 
қ” وا‎ + ЦИ app, eos еуі i | 
ره‎ % „ 


жұ" I casa, 


а) = Бі deine, 


The quantities hy, Ga, то, and е» аге similarly defined, Equations 3-8 i 


and 3-9 can then be written av | 
pb-br ра i 
s,  - m 
n | | 
A Pont è : » 
z 2 


Бо bf, erm be written 


gr d pentre ' 

: ; eti pt : 
m — 

Mm — РА 


— 
br jepp 


ало 
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3.2.2 ал т: Continued. 


jh + Phyt АРА 


and ao 

cla, b. +b thy - 7,1) uus 

LA 8 
te 


Equations (3-10) and (3-11) form a system of two equations in two 
unknowns (p and р) that may be solved using standard iterative techniques. 
Note also that, for this formulation, the assumption of constant velucity and 
directions are not necessary. - 


3.2.3 (U) — Single Baseline Model. (U) 


The third derivation to be considered іе that involving the model 
‘using only one transmitter. The variables for the single baseline model are 
defined in Figure 3-34, Аз before, the transmitter-receiver distance, D, 
and the transmitter wavelength, 1, aro assumed known. ТІ е 
аға в”, and Герріе 24 and 61', are measured quantities where the 
primes signify п, ement at some time åt after the first (unprimed) 
Measurements, The velocity ©, of the vehicle is not known. 


From the Doppler equation. 


1 
JT X 
Li > «(eb 


From the law of cosines, 


2/2 


в = (p+ D? a 2pD cos al 


4. (pbobDeoret pDà sine) 
ы Бі 172 
tp + DÅ - 25D сов ау 
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Figure 3-14. (U) Variables for Single Baseline Model, (0 
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(p + р? - бр D сово") 


In order to find a solution using only one baseline, 
mations have to be made 


ta) 


Qe 


ф ls constant; i.o., b' = p and, furthermore, 


b is constant; l. 


Over short time intervals (small М)! 
angular velocity & can be estimated 


hese assumptions are reasonable, The 


n1 а-а 
* =: 


These approximations are strictly true И the target i 
toward or away fram the ship. 


s fying on a radial path, 


Combining the equations and approximations above gives 


-“....ш- ops 
h 


where 


tp? + D? - 2рр cos en 


URCLASSIFIED 


Substituting p * p' - БА, squaring to eliminate square roota and algebraic 
manipulation of the results yields the cubic equation 


Ap + “СВ раб 13-12 


where 


= 280 (q. 
> At? (97-27) + ду (аагеварт + гад (грн + Då o r? 


* At (29tr-29? p'42p + ap? (9-01 + 2p'r te- 20 + зар? 


з 0 з > 


* på gt зд (рар 


'quation can be solved for ў and the correct root chosen. Also 
mote that ў is still a function of the single unknown pr. 


In similar fashion, 
Ar Sb фам 


or 


ТА = ера Herlige 


Where h’, 4", z' and 6! are defined similarly to h, q, t anda. 
New 


Bi eb thers © pr (po 


re ту 0-13) 


Equations (3-12) and (3-13) form a set of simultaneous equations in the two 


unknowns p- and b which may be solved for the target position. 


UNCLASSIFIED 


! 


UNCLASSIFIED 


3.2.4 (ш) Doppler Location Finder (DLFL (0) 
к 
The range estimation «echniques discussed in the previous sections 


all utilized measurementa of target bearing and Doppler frequency. The 
Doppler Location Finder (DLF! described in this section unes only Doppler 
measurements and yields both range and bearing information. 


The variables for the DLF are defined in Figure 3-15. The trans- 
mitter-receiver distanc: Dy, Da» Dy, and D,, and the transmitter wave- 
lengths, М, Аз, and ha, are assumed known a priori. The angle 
4), ва; бу, and By, formed by the reference baseline with the transmitter- 
К во assumed known а priori. The only measured quantities 
аге the Doppler shite, Sf, bls, Біз, and Of, . The variables estimated 
by the DLF technique are range р, bearing а, range velocity, ў, and bear- 
ing velocity k. The latter two variables described the change of target 
position with time and are of secondary importance, The range and bearing 
estimates describe the target location and have primary significance, 


From the Doppler equation: 


m Е А 

му" x „ 43-14) 
where 

hy "йа. 4 1. 2, NA + 

From the law of cosines, 

з 

“. [p" + D," - 2pD, cos (e + л) la 

so 


tb - bD, costa + A) + pD, & vin ta + 60] 


à t 7 20 баю 
[p+ Dr- 2pD, cosie + sl . 

Thus, from (5-14) and (3-15) it can be seen that 

м, = вое b. Bi Бр fl 10 13-161 


where h isa funetion of the argument parameters. 
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Figure 3-15. (U) Variables for Doppler Location Finder. ал 
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3. 2.4 а => Continued. 


The desired parameters (р, а, р, and @ can therefore be estimated by 
solution of the following system of equations. 


bi, * hip, а, F, 5: Dy, 8, X1 


bf ship. a, ў, ù: Da Be, tad 
ат 
dl, + Ыр, а, b, b; Ds, bs. 4.) 


bla = Mp, а, р. å; Dy, fa de) + 


‘This system of equations can be solved using standard iterative 
methods, Unlike the other techniques discussed, this method is truly in- 
stantaneovs; the estimate at one point (n time requires no previous measure- 
ments. Also, the equations are exact; they require no assumptions av to 
the constancy of p or ё + 


The Doppler Location Finder can thos estimate target range and 
bearing using only Doppler frequency measurements. 


3.3 (0) ERROR ANALYSIS. (0) 


‘The target location estimation techniques discussed in Section 3.2 
ult in two kinds of errors, Опе is а bias in the estimate that arises 
of one or more approximations that are employed in the technique. 
This is а aystematic error that can, in some cases, be minimize 
processing, The second kind of error arises because the inputs needed for 
the estimate involve measurements that contain random errors. There two 
kinds of errors generally limit the accuracy of an estimation technique. 


D 
In Sections 3. 3.) through 3.3.3 the error expressions for both 
kinds of errors are derived for: 


а. the double baseline, single тм 


urement range estimater, 

b. the single baseline, double measurement range estimator, 
and 

€, һе Doppler location finder. 


Some assumptions en independence of error sources have been mad 
Section 3.4 the several other possible zoure: 
cantly alter the entimate are described. 
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уза (U) — Error analysis ví Double Baseline, Single -Mesevrerant 
Range Estimator. (U) 


The range estimate given by the Double-Baseline, Single Nene > 
ment technique (Section 3.2.2) ls dependent on the mossured values of varget 
Wearing and Doppler frequency. An expression la derived below relating 
Wiis measurement errors of azimuth and Doppler shift to RMS еі timation 
м of target range, This error expression is valid at specific target 
Jocations and has been evaluated for several configurations of (ат Reh. PUES 
bourd receiver, and transmitters using reasonable values for RMS messis" 
Boat errors. The Маз of the range estimate is also computed. The resulte 
indicate that for certain system geometries and parametere, total ranging 
errors of less than 18% саг. be achieved. 


3.1.1 (U) Derivation of Error Expressions, (U) 


As shown in Section 3.2.2, the true range р ia the solution of 
the nonlinear syster of equations 


«la by + thy ~ та 
DEI 


“а ha * PS) 
—— 
ба p 
where by, Му, M. Ча, гі, Fee 51 • Ба are functions of av. аз, ё, dh. 


м, The expression for b can be substituted into the equation for р 
and it js seen that p Із the solution of 


G = (p:% аз. & 4. Ah) * 0 (3-18) 


where С із a nonlinear function of р and the coefficients involve би 
Ge, E, 84, ёі». The parameter ы, however, ie estimated by 


ey - Ged 


where 


а. " lt ae 


— 
FAithough the technique is described av a single me 
fr does require ay and аз valen at time t - dt. 
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3.3.1.1 (0) 


B. = 0-40. 
‘Thus, instead of (3-18) an equation of the following form ів solved: 
Hifi а», а», а, Sh, 61) 6 (3-19) 


where ß le the estimated range. Since the estimated value of & may be 
in error, the solution $ of (3-19) may be slightly biased away from the 
true p. Let рь, be this blas in the range eatimate. Thur, 


Paias ВР“ 


As mentioned previously, this bias from the use of an estimated 
value of & ls one of the two important typet of errors in this range estie 
mation technique. The other (random) error arises from using measured 
Values of bearing and Doppler. ‘The true с, and Af, are mot 
the measured values å, and 62, must be deed instehd. Thus, the 


in taken to be the solution of 


HiB: 61. бо, ба. би, Bh, ай) * 0. 


of ran 


The measurements & and АТ, will generally have mean valves of û, 
| and standard deviations Medes 4 Sanus’ respectively, 


Note that $ is implicitly a function of the d, and s m 
ured values change во does ў in order to keep Н . Thus. 


Б = Bibi. ба, ба, bar OG, 54). 


The change in f due to changes in the & and гі, da given by 


мю, BE etie BE офа мы GE 1. 


з з 
+. 20870 A заь . (3-201 
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3.3.1.1 (U) 2+ Continued. 


‘The preceding equation is the deterministic form of the error” 


equation, Because the measurement errors are zandom, ме must әу 
a modified version, At each target location the partial derivatives 2р/50 1 
and d f/ ef. are constant. Using two relations from probability theory*, js 


а. The RMS value of а zero-mean random variable is the ( 
standard deviation (0). i. 


b. Hox» DAY. then 1 
1 
а ag ўі 
9 En ey) 


we ean derive from (3-20) 


EIL “(а мала) (ik. шш)” 
+ (2 T «(22 "I 
7. 
„(28 TA (3, 0 aus Ў 1-20 


Equation (3-21) simplifies when Аб s 5 му 293 А aus a 


for all te‏ روا۵31 
¿y‏ 
å ПЕ‏ 


sone e ЕЈ "Еј" 
(езу ауа] Y 


тепе F. E, Concepts of Probability Theory, McGraw-Hill, N. v. [1 
1985, рр. 230-2. 


тт 
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3.5. 1. 1 (V) Cotice. 


The only remaining step ix the evaluation of 


“ 
М і 
M the function Blás, б, ба. би Ch, eh] were known explicitly, thir 
lation would be direct» However, the P-function ls only known implicitly 
and therefore the Implicit Function Theorem? must be invoked, By this 
theorem [rom calculus: 


apo: „а 
dé, ан 
ар 
and 
- 3H 
ар зы 
Ro. зя 
å ab 


where the fonction. Miß f ба, ба, ба, бе. 25, 56,1 За known explicitly: 


nia. ба „аз a, 8 fi, Dfa) 


сұсы ав be + (UP, let. a. M КӨЗ + 0 + Os аа Ў 
в ра [аһ + ————— 


(еее, ан ley +а 6. + 241) 


( Qu he + рако ви бре + = a + 90) Jl 
(ae —Uñ—l— 
hy - P+ Te 


where ту, hu q, are functions of an. а». 84, Ale and dt is the time 
between Inesurements. Finally, the abcve equations cen be evaluated 
for ads 


— — 
Frater, М. TL and Morrey, E. B., Modern Mathematical Analysis, 


Addison-Wealey, Reading, Mass., 1964, р. 492. 
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3.341 ол 2: Continued. 
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In the next section, both the bias (рь, ) and the RMS error of 


range estimate for the double-baseline, singlemei urement technique are 
evaluated for typical cas! 


3.3.1.2 (U) Results of Error Analysis. (0) 


Jo thia section the bias and RMS error of the range estimate of 
the double-baseline, single-measurement technique are presented for веч. 
hal different syster geometries (locations of radar transmitters and 
Tecoiver and trajectory of target) and system parameters {operating fre- 
quency and time between measurements). Jt ls shown that although ti 
technique is not completely satisfactory under all circumstances, жін fairly 
auceesaful for certain geometries and parameters, 


‘All numerical calculations for the error analyses were performed 
on an IBM 360 general purpose digital computer. For any given © 
рыз, {the range bias caused by using an approximation for å) was found. 
by'kdlving for $ and subtracting the actual range р. ВЕР), the RMS 
error of the range estimate, was calculated using equation (3-22); the 
partial derivatives of 
зн 3H эн 
"(8 тава 2t) 


wove determined by use of standard numerical differentiation algorithms". 


— — 
тартыстық, K W, and Delecuw, S. L., Digital Computation and Numerical 
Methods, McGraw-Hill, N.Y., 1965, pp. 352-363 
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2.3.1.2 (U) zz Cuntinued, 


к 
The computed range estimation errors for the double baseline, 
single measurement technique are displayed in Figures 3-16. The labelrd 
ote indicate the location of the transmitters. IT. and Тұ) and the shipbuard 
receiver 45). The various trajectories of the target are represented by 
dashed lines, The errors arc represented by selig - line вертпетін at various 
points alcng the trajectory. The lengths of these segments are scaled tu 
twice the RMS error, while the olfset of the center of the segment from the 


trajectory represents Реши 


Тһе various system parameters, such as operating frequency 
ol the radar (f), time between measurements (5t), and standard devi 
or RMS errors of the measurements (o „ ob are listed nn the figures, 
along with the scale of the drawing and te Масу of the target. 41 te 
not necessarily equal to the spacing of the displayed error segments. 


For all the figures of displayed errors, the measurement uncer- 
taintics, dle te вод 00а му were assumed to bo I degree and «1 Hz, 
respectively. "li these measurements errors in а particular case are larger, 
then the RMS error in the range estimate would be proportionately greater. 


Several conclusions can be drawn from the figures. Firut, а 
particular configuration of transmitters and shipboard receiver may be 
fairly effective against certain target trajectories while much less successful 
against other trajectories. Also, performance may be seceptable at certain 
pointe in a given trajectory but not at others. 


An interesting observation can be made from Figures 3-16. The 
geometries and parameters for the two configurations in Figures 3-160 and 
fare the same as for those in Figures 3-16g and h, respectively, except 
that St, the time between measurements, is 20 seconds for the former and 
120 seconds for the latter. The interval At entera into the estimation of 
vange in only one place; the astimatioz of & from the formula 


: 2 

4 Tat (а tee 
да åt is increased, the RMS errors of the а, are divided by a larger 
constant and thus the RMS range error should be less. On the other hand, 
for larger At, the firet order approximation becomes weaker for those 
trajectories were å is not constant, implying an increased рыца for 


those care: 
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Figure 3-160 (U) Range Estimation Errors for 
Double Baseline, Single Measurement 


‘Technique--Geometry Мо. 2 (0) 
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Figure 3-16c (0). Range Estimation Errors for 
Double Baseline, Single Measure- 
ment Technique--Germetry No. 3 (0) 


Figure 3-164 (U). Range Estimation Errors for 
„ Double Baseline, Single Measure- 
ment Technique--Geometry No. 4 (U) 
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Figure 3-1% (0). Range Estimation Errore for 
Double Baseline, Single Measurement 
Technique--Geometry No. 5 (0) 


Figure 5-16 (0). Range Estimation Errors for 
Double Baseline, Single Measurement 
Technique -- Oeometry No. 6 (0 
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Figure 3-16; (0). Range Estimation Errors for 
Double Baseline, Single Measurement 
Technique--Geometry No, 7 (U) 


N 


/ 
T. 


Figure 3-16h (WI. Range Estimation Errors for 
le Baseline, Single Measurement 
Technique--Geometry No. 8 (1) 
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2.3.1. 2 (0) Con 


wed, + 


Бой thess cffecte are observed in Figures 3-16, Тһе RMS errors 
in Figures 3-16g and h (At = 120 sec.) аге generally much less than in 
Figures 3-16 e and f. (åt 20 eec... Yet, also as predicted, in the onc 
trajectory in each pair of figures where the target іе not heading at the ship 
and hence à із not constant, there is a significant range bias for Lt = 120 
sec., but not for åt = 20 sec. However, the total range estimate error ie 
still much smaller for åt = 120 sec.; for several target trajectories, range 
estimate errors of less than 15 percent are achieved. 


3.32 (U) Error Analysis of Single-Baseline, Double -Meneurement 
Range Estimator. (U) 


The accuracy of the Single-Baseline, Double-Measurement range 
estimating technique (Section 3.2.3) is also a function of the accuracies of 
the measurements of target bearing and Doppler frequency. Expressions 
relating RMS measurement errora to RMS ranging errors are derived and 
evaluated for several target trajectories. The biases in the estimate are 
also computed, and it is shown that for several trajectories, the total range 
timate errors are less than 15 percent. 


3.3.2.1 (ІЛ Derivation of Error Expressions. (U) 


As shown in Section 3.2.3, the true range can be estimated by 
the solution of the set of equations (3-12 and 3-15). 


The following approximations are also used to evaluate the RMS 
range error for this range estimation technique: 


å = ӛзім (3-23) 
and 


Bü [Pb e. (3-24) 


Equation (3-12) fe used to find an expression for p which ік then inserted 


into (3-13) to yield: 


Есе, е, Of", 81) = 0 43-25) 


ured 


a single equation for B which depends on the present and part m. 
valves of target bearing and Doppler frequency. 
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basin general, beth a hian error and RMS 

t that for linear trajectories, &' and 
слогу is radial with respect to the 
es, even if the exact values 0, 
known, the solution $* will be in error bya Poise” Tho: 


shipboard receiver. Thus, in most сі 
а, 815 ûf 


Рым " 


An expression for RMS range estimation error in terme of the 
RMS errore in target bearing and Doppler shift measurements can be obtained 
by noting the similarity of equations for the double-baseline, single measure- 
ent technique and (3-25). Thus, analogous to (3-22), 4t follows directly 


that me Ab) (аў ; G | y] 


E ? (Ae) (еее) y А 


The next section presente the resulte of evaluating the bias апа 
RMS errors of range estimate for the single-baseline, double-measvrement 
technique. 


3.3.2.2 (U) Results of Error Analy! 10) 


Tho expected errors are presented for two typical св! using the 
single-baseline, deuble-measurement range estimar. From Figures 3-17 
and 3-18 ll can be acen that for two target trajectories (one for auch case), 
the range estimation errors ara lee than 15 percent. The detection system 
parameters are the same in all cases. As іш the previous section the 
frajectories are shown by dashed lines and tho errors by solid line segmenta: 
the length of a segment equals twice the RMS range егте, while the diuplace» 
(nent of the segment center from the trajectory represente the range esti- 
mation bia: 


Several observations can be made from the figures. Firet, of 
all the trajectories shown, only one shows any bins; this {e the trajectory 
ba Figure 3-17 that is not aimed at the ship. ‘This result was predicted in 
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Figure 3-17 (U). Range Estimation Errors for 
Single Baseline, Double Measurement 
Technique. (0) 


Figure 3-16 ful. Range Estimation Errors for 
Single Baseline, Double Measurement 
Technique. (0) 
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3.5. 2.2 % zz Continued, Я 

the last section, because Ыз» errore are caused by the variation of å and 

P between measurements, These variations occur only for off-ship tra- 
jectories. Ав shown in Figure 3-17, the bias is about thc same magnitude 

Зь the RMS error, The bias could be reduced by decreasing the time inter- 
val between observatione, but at the expense of greater RMS errors. Another 
observation from the figures is that the estimator'a performance depends on 
the location of the target with respect to the transmitter and shipboard 
receiver, For example, Figure 3-18 shows a trajectory in which the ship 

is between the target and transmitter and the target is headed directly at 

the ship, For this trajectory the range errors are greater than 80 percent. 
In eontraat the two trajectories of Figure» 3-17 and 3-18, in which the 

target іе on a Пу by trajectory or headed toward the ahip in a different d 
geometry resulted in errors of less than 15 percent, 


3.3 % Error Analyeis of the Doppler Location Finder. (U) 


The range and location estimates given by the Doppler Location 

Finder (DLF) depend on the measured values of Doppler frequency, An 

expression із derived below relating measurement uncertainties to esti- 

mation errors. Results are presented that demonstrate for а wide class of 

ayitem geometries range errors of less than 15 percent and bearing errors 

of less than 6“ can be achieved. In addition, for one particular system 
metry the range errors sre shown to be less than 5 percent. 


3.3.3.1 (vU) Derivation of Error Expressions. (0) 


As described in Section 3.2.4 target location and time derivative 
variables, р, а, p, and а, are the solution of: 


м = bip, а, P. &. De LIU M 1«1,2,2,4. 


Because ôf, will always be measured with some error, it in denoted av 
48, ; the estimatas of р, е, b. and å are similarly denoted by p, ё, p. 
and Б so that 


121,2. 3.4. 


As done in the previous sections define 
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3.3.3.1 (U) zz Continued, 


к 
ака < (8) ы (8) за 4% abe 3] ib. 
1 i i 


Letting the vectors m and y be defined av 


у, 
Jen en 
a e 
NES 


then m * Ay; assuming A is invertible, y = Am. 


Evaluating just tbe lirst two components of y and expressing 
them in RMS form yields 


Das (å (* Zu > (ede) m 
bed (4, (ала Ў байыр, * 
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3.3.3.1 (U) -. Continued, 


Assuming (8 Ëf Dy is ® the same for all 1, 


4 ЧА 


ава“ (02) м (к ы] 


Ма 


4 
Cams (МЫ), (i fe 


These last two equations relate the RMS errors in Doppler fre- 
quency measurement to the RMS errors in target range and bearing esti. 
mation. The other type of estimation error is a possible Ы For the 
Doppler Location Finder thers are no biases since the equations are exact 
and use measurements from only one time point. Thus, the RMS error 
describes the total range and estimation errors of the DLF techniques. 


3.3.3.2 (9) Results of Error Analysis. (U) 


The expressions for range and bearing uncertainties derived in 
Section 3.3.3.1 for the Doppler Location Finder were evaluated for a number 
of configurations, Iti» shown that with reasonable Doppler measurement 
errors 0.1 He) the range error fs leas than 15 percent and the bearing 
erroris less than 6" in many cases. The error resulto are presented in 
Figures 3-19 to 3-28. As with the error analyses for the other techniques, 
the target trajectories ere represented by dashed lines, the transmitters 
and shipboard receivers are represented by labeled dots, and the assumed 
system parameters for each case are included. The Doppler measurement 
RMS error for all cases ie assured to be 0.1 Hs; no value $a given for 
time between mensuremanta because the DLF {в an "inatantansous" estí- 
mator. For this location estimation technique the errors in both range and 
azimuth are presented. The RMS range errors are represented by line 
segmenta scaled to twice the RMS range error along a radial line from the 
target to the receiver, The RMS bearing errors are similarly sealed with 
A line segment perpendicular to the radial line. Note that no biases are 
shown. The one major observation that can be made із the good performance 
of the DLF for a variety of receiver-transmitier configurations and agalnet и 
number of targat trajectories. In moat cases the range errors were less 
than 15 percent and the bearing errors less than 67. Of particular interest 
is the system geometry shown in Figure 3-28 for which the range errors 
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Figure 3-19 (0). — Location Error for Doppler ‚| 
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Figure 3-20 (0). Location Error for Dopple: 
Location Finder» "Geometry Ne. 2 (U) 
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Figure 3-21 (U), — Location Error for Doppler 
Location Finder--Geometry No. 3 (UI 
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~ E 
Figure 3-22 (u. Location Error for Doppler 
Location Finder--Geometry No. 4 (U) 
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Figure 3-23 (U) Location Error for Doppler 
Location Finder-- Geometry No. 5 (U) 
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Figure 3-24 (U. Location Error for Doppler 
Location Finder-- Geometry No. 6 (U) 
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Figure 3-25 (bl. Location Error for Doppler 
Location Finder--Geometry No. 7 (U) 


Figure 3-26 (Uh Location Error for Doppler 
Location Finder--Geumetry No. 8 (0) 
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Figure 3-27 (0). Location Error for Doppler 
Location Finder-- Geometry No. 9 (U) 


E - ў 
Figure 3-28 (u. Location Error for Doppler 
Location Findar--Geometry No. 10 (0) 
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3. 3. 5. 2 (U) 2 Continued. 


are less than $ percent. This configuration can sepresent the ver ef tran»- 
mittere on picket ships to protect a feet aireralt carrier. 


3.3.4 (U) Othez Possible Sources of Error. (0) 


The previous sections have discussed the RMS errors caused by 
measurement uncertainties and the bias errors due to equation approxi- 
mations for the various estimation techniques, In this section several other 
possible sources of error are discussed: it la shown that errors from these 
sources are not significant compared to thuse described previously. 


One of these sources of error is due to the period aver which the 
bearings in the double and single baseline techniques are measured іп ртас- 
tice, These are taken over a time duration of about ten seconds, The 
average value calculated із а! signed the bearing at the middle of the inter- 
val; in reality, due to non-linearities, the actual bearing at that middle 
time-polnt may be different. Yet, in АП cases considered in this study, 
this bearing error was less than 0.1“, significantly smaller than the one 
degree uncertainty that was assumed for bearing measurements. 


Å second source of error comes from the use of a two-dimensional 
model for system geometrien. In practice, targete may Пу at higher айы 
above the ocean surface although the principal threats are expected to employ 
10% altitudes to avoid line-of-sight radar detection, For these situations the 
actual Dopplers and bearing angles will not be the same av those used ina 
planar model, In most ci howevez, the differences are masked by the 
measurement uncertainty. For exemple, a target 10 km high and 100 km 
from the ship is ata 6” elevation angle. According to the Doppler equation, 
the actual Doppler would be сов 6" times the Dopplerif the target were indeed 
flying in the plane of the transmitter and receiver. Because cos 6" is greater 
than 0.99, the Doppler would be in error by Jesa than ) percent, which ів 
about the accuracy of Doppler meseurement. Ina similar manner the slant 
would differ from the planar range by lese than І percent, 


n. Another source of error 1. the determination of distance between 
a” transmitter and the ship (БІ, The accuracy of this measurement ` 
depends on the accuracy of the shipborne navigation system. Because the 
typical accuracies for the LORAN С and D systems are less than I km and 
this represents lees than I percent at a target range of 100 km (compared 

to approximately 15 percent range accuracy for the location estimation tech- 
niques), the associated errors can be neglected. 
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3.3.4 (U) zz Continued. d 


‘The measurement of transmitter frequencies (Еј san alee gt 
rise to errors in the estimation techniques. However, with an RMS meas- 
urement accuracy of 0.1 Hz, the errors are less than one рат! in 10" in the 
HF band and іе dominated by the limitations in computational accuracy. 


Thus, the errors that arise from these other sources can be 
neglected compared to those examined іп the previous sections, 


3.5 (UI Conclusions of Error Analysis. (0) 


‘The principal conclusion to be drawn fram the error analysis i» 
that all three techniques analyzed, the double-baseline, single-measurement 
technique, the single-baseline, double-measurement estimator, and the 
Doppler Location Finder, performs te within 15 percent range error for 
Innes of target trajectories, The DLF, in particular, performs well 
over a wide range of trajectories and attains 5 percent accuracy for one of 
the geometrien examined. In addition, it estimates bearing to an accuracy 
et 6°, 


For all the estimation methods, however, expected errors strongly 
depend on both system geometry and syatem parameters, Becavee the 
three techniques perform reasonably well under different specific conditions, 
it appears that a hybrid location technique that employs the basic methods 
contained in the three techniques investigated са: Зе developed that will 
perform satisfactorily (better than 15 percent accuracy) over å wider range 
of fleet operi emetries, This hybrid technique may rely on the DLF 
method as a basis, but include messuremente of target bearing. Alternately, 
the bybrid technique may employ all three methods for estimating targat 
range, but incorporate teste to discard estimates having large RMS values. 
Those estimates within an acceptable accuracy may then be weighted to 
provide the "hybrid" estimate of target range. Based on the potential of 
Ветар а practical target location estimator for a wide range of transmitter, 
fleet, and target geometries it fs recommended that a hybrid target location 
technique be investigated. 
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Section 4 


EXPERIMENTAL TESTING OF FAD 
POLYSTATIC TECHNIQUES 


ЧЕ (9) In the previous sections the investigation of a polystatic radar tech- 
nique that can be employed for FAD was presented. This investigation included 
examination of detection regions, target location methods and a detailed 
error analysis, Because the results have been derived analytically there is a 
peed to verify them experimentally and to demonstrate that а FAD early warning 
tem using transmitters of opportunity fs feasible, Experimenta) tests are 
те{оте recommended for the FAD polyatatic techniques, 


* Q) This section describes the experimental design considerations and a 
em designed particularly for these tests. The specific objectives of the 
i; j. Then the factors that impact on the test design! 
and the system design are described. Based on а tradeoff analysis of these 
factors a specific set of experiments and hardware are recommend 


The objectives of the FAD polystatic techniques experimenta are to: 


а. demonstrate the detection range of the polystatic technig 
and 


b. verify the predicted accuracies of the target location esti- 
mation methods, 


å The first objective ia to show that the target detection ranges derived 
abalytically using surface wave attenuation values and nominal radar cross 
ctions agree with experimental values. This objective has been met partially 
when experiments were conducted for the early warning portion of the Aquarius 
study. (In these experiments а РЭБ aircraft detected with a bistatic radar 
system using propagation modes comparable to those expected for FAD.] Also, 
target detection la necessary before the other experimental objectives can be 
met. Therefore, teste to satiaty this objective can be included with these to 
meet the ether objective 


Тһе second objective is to verify that the target location accuracies 
of the estimation techniques agree with the analytic results, The majority of 
the experiments will be devoted to satisfying this objective because it includes 


ја 
L | ла 
| | 
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the must tenuous arca and contains numeruus random variables (elk. trans- 
mitter-target-reeciver geometry, measurement accuracies, etc. 1 


42 (U) EXPERIMENTAL CONSIDERATIONS. (0) 
In the design of experiments care must be taken to include all thuse 

system parameters that are crucial to the satisfaction of the test objectives. 

In addition, the experiments should be structured for performance at a nominal 

: cost utilizing existing equipment and aystems where possible. In the experi- 

i mental design there are a number of factors that need to be considered. А lint 

: of the primary ones are included in Table 4-1, The majority of the factors 
(е... transmitters, targets, receivers) deal with the equipment/aystems 
needed for the experiment. The use of existing equipment for the tests reduces 
the cost of the experiment. For some test elementa (e. g., simulated targete, 
shipborne antenna arrays! it fs not economically (вав е to bulld or buy the 
system solely for the experiment and hence the time and location of the experi- 
ment i» restricted to the availability of these systems. 


ала(ШИР Transmitter Sources. (0) 


To conduct the tests, sources of opportunity (і.е,, broadcast tra: 
mitters) or cooperative transmitters le. f-, Carter Cay transmitters) can be 
employed, A partial list of candidate transmitters for the experiment are 
included in Table 4-2, A substantial number of HF sources are available with 
established transmitter powers and operational schedules. Lists of these 
sources can be found in the World Radio and TV Handbook, 


Experimental HF transmitters and other radars may be employed 
get during the teste and for calibration purposes, and iono- 

spheric soundings and propagation measurements are desirable during the test 
to verify the use of ІР propagation medes. 


Тот Flest Air Defence the primary targets are enemy aircraft and 
missiles, The P38 aircraft has а radar cross section which is typical for 
enemy aircraft, Alr=to=suríace and surface-to-surface missiler generally 
have а amaller cross section and should be tested separately, Table 4-3 aum- 
marizes the estimates of operating characteristics for some of the Soviet 
airera(t and missiles that are threats to the U.5. Fleet, 
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FABLE 4-1. 10) EXPERIMENTAL FACTORS. (U) 


[This page is UNCLASSIFIED) 


Transmitter Sources 


а. Location 


b. — Operating Frequency 
e. Schedule of Operation 
СА 


Effective Radiated Power 


Simulated Tergete 


а. Type and Size 
ba Availability 
с. Number 


3. — Receiving System 
~ Platform: Shipborne/Landbased 
b. 


с. Receivers 


Antenna Arrays 


4. Processing anê Data Storage Equipment 
e Test Equipment 


Test Location/Conditions 


а. Бостсее Avollability 
b. Target{o) Avatiability 

с. Receiver Ability 

а. Similarity to Operations} Environment 
a. — False Alarm/Ncise Levelt 


y) 


. 
TABLE 4-2. CANDIDATE SOURCES FOR FAD POLYSTATIC 
EXPERIMENT. tU) 


1. Atlantic Coast 


а, Broadcast Transmitters 
све ~ + Sackville, New Brunewick 
WNYW - New York, New York 
МОА - Greenville, North Carolina 


b. Experimenta} HF Transmitters 
MADRE Radar - Virginia 
Carter Cay - Bahamas 


Pacific Coast 


e Broadcast Transmitters 
VOA - Dixon, California 

voa - Delano, California 
KGEI - Belmont, California 


Experimental HF Transmitters 
Stanford University - Palo Alto, Californi 


IA 'SLV3UHI 37165194 ANY LAV” TVIIdAL "fv алчу. 
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pron oe 


Continged, 


In the caperiments the aircraft and missiles need 10 be evaluated 
for a variety of operational profiles, including а number uf scattering peor- 
etries and target altitudes, Soviet air-to-surfacc missiles, (or example, aie 
known to be capable of being launched at a range of altitudes but follow a lus 
altitude profile fur minimum detection. The typical aircraft approach is lo Пу 
lose to the ocean surface to avoid line-of-sight zadar detection. The targets 
used in the experiment should consist of two reraft and missile) and 
bo operated at velocities comparable to those of the expected threats, Turns 
and other aircraft maneuvers should be tested. Should the tests be constrained 
to а threat target, then the мас of a РЭ aircraft Dying at 300 feet above the 
een surface lor a varioty of tranamitters-target-receiver geometries is 
recommended, Should a number of test aircraft and miselles be available. 
single and multiple aireraft/misaile signatures should be obtained for multiple 
ature and location evaluation. 


Besides the intended targeta, there may be commercial and military 
aircraft that are operating in the vicinity of the transmitters and receiver sites 
during teats. These aircraft wll! provide false alarms during the experiments, 
Schedules of uuch flights need to be obtained where possible for the evaluation 
of the experimentally collected data. 


42.3 Ww) Receiving Site: (0) 


In the FAD polystatic radar system concept the receiving syatem іе 
located on one or more of the ships of the fleet being protected. However, 
for experimental testing the receiving system can be located on a ship or ata 
landbesed site, The use of a shipborne platform necessitates a ship having 
an accurate HF direction finding antenna system. It also would entail the 
assignment of a ship for the calibration and collection ef experimental data 
and possibly the processing of ship navigational date to evaluate location esti- 
mation accuracies, In contrast, the use of a landbaned receiving site simpli. 
fies the conduct of the experiments because the normal operational problems 
are circumvented and attention can be focused on the key facets of the FAD 
polystatic experiment, The destroyer DD714 (USS Gilbert Асап] contains an 
HF DF array and appears suitable av shipborne receiving platform. The 
potential Jandbased sites include the following: 


a ‘Vint Hill Farm Station 
b. Madre East Coast 
с. White House 
de Eastern Test Range 
4-6 


4.2.3 (9 
е. Stanford Antenna Array 1 
1. алашқы Array УШЫ... 


Of the two types of vites the landbased site is recommended because uf 
operational simplicity in conducting the teste, For this alternative there 

fe greater acceso to test equipment and the acheduling uf deta collection in 
motas severe аз [or whipborne operation. In addition, the collection and 

processing of ship navigational data ie not required for experiments using 
Jandbased site. 


4.2.4 (% Теве Locstion/Congitions/Evaluation. (U) 


The specific test Jocation, conditions and evaluation depond un а 
combination of the factors described above, Тһе avallability of sources, 
targets, and recuiving sites dictate the sensibility and cost of conducting 
testa on the Atlantic and Pacific coast When all three factors are consid- 
cred, the principle teet locations for consideration are the Pacific coast, 
Northern Atlantic area, and Southern Atlantic region. Of еле regions the onc 
that appeare most suitable is the southern Atlantic region. 


4.2.4.) =“... Location: (U) 


The southern Atlantic region is recommended for the FAD poly- 
static teste for a number of reasons. First there are в number of broadcast 
stations available. Second, forward-scatter geometry that із most represen- 
tative for FAD can be achieved by using transmitters from Costa Rica, San 
Jose, Cuba, Paraguay and a receiving site at Vint Hill Farms Station, the 
Madre radar site, the White House site and/or the Eastern Test Range site, 
This allows a landbased site to be employed instead of a ship for the receiving 
ayster. The test region contains a sufficient amount of non-hostile aircraft 
so that false alarm signatures can be examined in conjunction with target 
signaturen. In addition, most of the necessary receiving equipment i» avail- 
«Ме and demonstrations ean readily be made to Government personnel from 
the Washington, D.C. ares. These reasons, plus others auch as the avail- 
ability of HF calibration equipment (e.g, fononpherie sounders), make the 
southern Atlantic ri 


Once the кезі location is pelected the test conditions that need to be 
delineated include primarily the transmitter frequencies to be used, target 
test trajectories, the equipment to be utilized, and the data to be collected 


т 4-7 


The targets murt include both aire raft and повез + 
In et carious rangen, azimuths, and altitudes frun- 
iow» aircraft maneuvert Buch av turns and di 
Should Le included. А head-on approach to the receiver site av well av y- 
by-trajectory should be conducted. fur each aircraft 
mienewver ehould be noted for correlation and wi «d experimental 
data, Missiles comparabl should 

be fired, if possible, to obtain mi s rangos, altitudes 
and operating conditione, At De trajectories 
should be obtained at different [requencie for the extrapolation of екрегі- 
memal date from alrerait targets and to demonstrate the system's ability tu 
differentiate between аітетаб and missile signatures, Table 4-4 summarises 
the recommended transmitter source and target test parameters. 


‘the receiving equipment system required to perform the erer 
ment include an antenna system, receivers, а data processu. an 
peripheral equipment, lí one of the andb å cites (е.в.. Vint Hill Farms 
Bietion) e employed, then most of the antenna system equipment necessary 
for the experiments exist, Only the commitment of the equipment for the 
testa іе required by the т sponsible agency to conduct the experiments. 


The experimental data that needs L2 be collected include signal and 
noise measurements, Doppler sigratures, and the DF information associated 
Talk the signatures for aircraft am „напев under various conditions, This 


date can be processed to: 
a. demonstrate the detection range of ths polystatic technique, 
and 
2 b. verify the aceuracies of the target Jocution estimation 
method. ‘ 


. ue 


1n order to demonstrate the FAD target detection range capability 
and the. accuracy of the location techniques described in previous sections of 
thie report, a system av shown in the functions block diagram in Figure 4-1 
. Zy using both cpoperative and noncooperative HF СУ trans-- 

this receiving system will be able to determine target Doppler 
and axiruth for test targete at beyond line-of-sight dimanee This а: 
Sonde be capable of being operated in any of the three following modes: 


tem 


TABLE 4-4, = TEST PARAMETERS FOR EXPERIMENT. 


ш) 


Cooperative HF, and Noneooperative 
HF Broadcast 


Transmitter 


Target Types: Aircraft, Missiles 


59, 100, 200 N. M. 


Transmitter-Target Ran; 


Target-Receiver Ranges: 50, 100, 200 М.М. 


Aircraft Altitudes: 200, 500, 1000 feet above ocean level 


Head-on, Fly by 


Approaches: 
Maneuvers: Torn, Climb, Dive 


Target Velocities: 250-400 ft/sec. (Aircraft) 


700-7, 000 ft/sec. (Missile)? 


Ф) 


=- Continued. 


a. the double baseline, single measurement mode; 
b. the single baseline, double measurement mude: and 
€. the four Doppler location mode. 


Target tracking uring the double-baseline technique would be accomplished 

by measuring the Doppler shift on two paths and the apparent angle-of-arrival 
to the target for each transmitter frequency. Both real-time Doppler and 
real-time azimuth would be displayed on а fax display. Similarly, the single 
baseline, two-measurement technique may aleo be used for target location by 
making two successive Doppler and two successive azimuth measurements 
separated by at 10 and no more than 100 aecon: Finally, the four 
Doppler target location technique may also be tested with this systern by using 
«ach of the four receivers to measure and display Doppler only. 


з system are to-- 


a. тпеавыге azimuth to 1" and Doppler to 0,1 Hertz; 
b. be eaay to operate by an untrained operator; 
: c. Бе ultimately suitable for shipboard shock and vibration 
i environment; and 
d, be principally composed of off-the-shelf hardware. 
one degree azimuth and 0.1 Hertz Doppler measurement accuracy are 


based upon the location technique and error analysis resulta. The required 
operator skill to use this system for target tracking is quite simple. The 

* operator simply tunes each pair ef receivers to the appropriate transmitter 
frequency of interest. During an event ће observes and recorde the displayed 
Doppler and displayed agimuth signature for the target. Finally, the operator 
scales the Doppler and azimuth data, and inpute thie information back into the 
computer to solve for range, The basic hardware ilema for this system are 
off-the-shelf and generally rugged enough for a shipboard environment. All 
of the electronics fa solid atate, except for the R390 receiver, which is used 
for shipboard HF communications, 


— 4.4 (U) DESIGN CONCEPT. (0) 

‘The following subsections discuss in detail the block diagram, tech- ! 
niques for Doppler and azimuth measurement, the required data displays and | 
general operational procedures. МА VE 

4-1 4 Si 
чым» лар 
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4.4.1 (0) System Description. (Ut - 


At shown in Figure 4-1 the antenna array consists of a linear 
disposed antenna with one-half of the array connected to опе of the two di 
channels, 150-Т% are used to divide the signal power between the Ско 
channels. in each data channel the signals are combined in a hybrid which 
produces sum (Fj and difference (2) output signals. The particular trans- 
mitter to be spectrum analyzed is tuned up using standard R390A receivers. 
Тһе paired reccivere are gain matched to provide necessary monopole DF 
technique accuracy. The IF output of cach receiver ја envelope detected 
using high dynamic range AM detector, is low-pass filtered to approximately 
а 20 Hertz bandwidth to prevent aliasing during the sampling process in the 
A/D converter. Following sampling and A/D conversion the data ås input 
in а recirculating buffer [n the Varian 620/ computer. А total of four input 
buffers are Used to store cach 10-second duration signal to provide the 0,1 
Herts resolution required, One channel at a time іе spectrum analyzed 
using the FFT algorithm and the voltage spectral density іе calculated, The 
eum data signal la logrithmically compressed and matched to the dynamic 
range of the display and finally output to the display. The display matching 
process is used to automatically adjust the average level of a spectral data 
to the moat sensitive range of the grey scale on the fax display. Each 
Doppler channel appears in the conventional time-frequency-intensity format 
on the display. 


4.4.2 вз izimuth le - of - Arrivi culations, (U) 


The magnitude of the spectrum from the delta channel is combined 
with the previous spectrum from the sum channel to compute the angle-of- 
arrival of each time frequency cell for that spectrum, The angle-of-arrival 
drøm boresight for each time frequency cell may be expressed 


x Yun" (4T) 
41 а Ча” "deos E 


X de the operating wavelength, 


4 is the physical separation between ph 
LDAA antenna, 


е centers of the 


E ds the elevation angle-of-arrival, 
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4.4.2 (U) -- Continued. 
48 the it" frequency in the celta spectral array, 
І ie the ПВ member of the eum spectral array, and 


åa the azimuth angle-of-arrival of the 1° frequeney time 
component. 


Thus, we compute for each spectrum and each frequency, the angle-uf-arrival 
ditat bit of data. The а, data ie then formed into an alpha array, de 
amplitude compressed, didplay matched and displayed on the fax In a timer 
angle-intensity format. 


The function at, f) is also stored in a mass-storage disk for 
later operator recall, This ‘data is stored also in a recirculating buffer 
format so that the most recent 10 sninutes of data 16 available to the cper- 
tor. This same time-angle-amplitude data i» computed for both channels 
ånd is displayed on а fax paper as well as being stored on the disk. 


4.4.3 10) Data Extraction. аз 


When a target detection ls made as noted by observing the Doppler 
on the Doppler channel displays, the operator then mamually measuret the 
мерсу and target angle-of-arrival. li the double baseline. 
, measurements are made for 
both data channels. double-measurement technique 
le under test, the operator first entero the time, frequency and target ati- 
muth data at time Т, then om the order 10 to 60 seconds later the operator 
the ° time, Doppler and target azimuth data on that same 
channel. Or, It the four Doppler target location technique із being employed, 
оге frequency measurement is made for sach of the four Dopplers. The 
appropriate data is then entered by the operator into the computer гумену 
Vin the teletype. For each act of data entered by the operator, the computer 
Vall solve the target Tange-arimuth algorithm and print oui the resulta for 
the operator to review. 


Although the operator has displayed for his viewing the computed 
target azimuth on the fax display, the operator sealing of the angle date will 
probably not be used in the actual range calculation, The appropriate angle 
ch time-frequency cell entered by the operator will be 
rage device. This із because greater angular 
fax diele 


information for 
retrieved from the disk э! 
precision io stored on the disk and can be displayed on Н 
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4.4.3 (U) za Continued. 


An artist's concept of what this system might book like do shown E 
im Figure 4-2. The rack at the left shows the four R390A receivers. Thy 
next rack contains the computer core memory, power supply, disk, A/D i 
емее and other associated electrunics, The operator іе shown seated + 
in rent of the electrographic display with the teletype shown to the right, | 
4.5 10) DETAILED DISION SPECIFICATIONS, ал М 
15 
4.5.1 (0) — Spectrum Analysis Specifications: ол | 


The specifications for the spectrum analysis portion of the system П 
are given in Table 4-5, 


Table 4-5 ПЛ. Spectrum Analysis Specifications, (U) R 


INPUT А 
Sample rate (per channel) 51.2 samples per second 1 
Number of channels ‘ 
Fast Fourier Transform size 512 points [ 
Number of seconds of data 
per tra: 10 | 
OUTPUT 
Frequency resolution 0.1 He І 
Bandwidth (folded) 0-25.6 НЕ 
Displayed bandwidth 0-20 He | 
Approximate time required for FFT 
and angle calculations (per ] 
channel) $00 msec 
DUTY FACTOR 500 percent | 


— . —ä6ä6äPäẽ—. 


qe requirement for a див played bandwidih of 0-20 He de set by the back- ' 
scatter radar. Thus, the Doppler frequency shift equale-- 


iet 


e 
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Artist's Concept of Data Collection System ал. 


Figure 4-2 (0). 


‘data manipulations ia 
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a 
4.5.1 IU) gp Continued. . 


where с- 3a 10* meters per second, Може assume y = 600 MPH, the 
Maximum airspeed for the P3 aircraft recommended for the experiment 
and 1 v 10 таңа which will be a typical transmitter frequency used in the 
Experiment, we get a frequency shift of 18 Ha. The backscatter case Pros 
debes the largest frequency ahiftand phifte of 10 He or lees are expected in 
ont cases, Thus a displayed bandwidth of 0-20 Ha should adequately dis- 
Play all data collected in the experiment, The receiver output will be diode 
За дей and the sidebands will be folded about вето Hertz in the 0-20 Не 
displayed bandwidth, thus sideband sense will not be avallable from the 
display. However since the eyatem will be used av part of an experiment, 
the sideband pense of the target Doppler will be known a priori to the oper- 
Ver. "The chief advantage to the folded spectrum |е that the time required 
for the Fest Fourier Transform and the disk and core storege are all 
halved by using the folded epectrum. 


The requirement for 0.1 Hz resolution is set by the nature of the 
vange estimation techniques. 


Using the requirements for revolution and bandwidth, the A/D 
sample rate и 51,2 samples per second, The time samples are 512 
татар and а Fast Fourier Transform (FTT) is performed on the 512 
amples. The output of this transform i» 256 frequency domain pointe which 
Tepresent a bandwidth of 0-25.6 Hz with a resolution of 0,1 На. Since the 
low-pass filter used after the detector in the receiver le not an ideal lows 
pars filter, there will be some attenuation on the skirt of the filter and 
Several frequency points will be affected. The displayed bandwidth has 
been set at 0-20 Не for this reason. 


‘The time required to perform the $12 point FFT and associated 
timated to be 350 milllseconds. The time required 
for the azimuth angle calculations and eseociated data manipulations is 
тратай to be 300 milliseconds. The FFT estimate was obtained (rom а 
lative computational power and apead comparison between the BEL 8108 
computer and the computer proposed for thie system, the Varian 42071. 
Programs written for the 8108 require 250 milliseconds to do the transform 
tad the slightly slower 620/f abould require 350 milliseconds or lese. The 
timate for the azimuth calculations was determined by coding a sample 
loop which computes the azimuth, and calculating the time to perform this 
operation on the 200 frequency domain points from each of the two channels 
hed, A factor is then added to cover the overhead involved in the data 
manipulations. 
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45.1 — (Ul Continued. 
Thia total uf 700 milliseconds for the two FFTs and the 308 milli- 
seconds for the azimuth angle calculations for each uf the twa receiver pair 
gives an average of 500 milliseconds pur data channel. Thun, the system 
фа able to process each sample of data with a duty factor of 500 percent. 
Duty factor ds defined аз the time dur: of the transformed data divided 
by the time required to proceas that data for all the channels, Thus for 
4 channels of data at 500 milliseconds per channel the duty factor 


10.0 


Saw E 500 percent, 


Simply stated, each time sample of data le processed 6 times. Storing the 
time samples in a recirculating buffer permits the processing of the must 
recent 10 seconds o; dota, The higher the duty factor, the more smouthing 
and averaging of thr uta resulte, and the longer the Doppler-related data 
За displayed. 


‘The two-tone dynamic range of the system will be 90 db which 
ie the limit available with а 16-bit computer. This 90 db two-tom 2ynamic 
range ås ліво approximately the dynamic range of the R390A receiver that 
44 to be used in the experiment. In addition, atmospheric conditions 
ally such that signals which necessitate з two-tone dynamic range of 


4.5.2 ivi Azimuthal Specifications. (0) 


‘The azimuth angle calculations will be done using the algorithm 
explained in Section 4,4. The azimuth calculated will have a range of -30° 
40 930% and will bave а calculation resolution of 0.26“, The calculated 
imuth can therefore be expreesed av an 8-bit number which can represent 
wp to 256 values, although only 240 values are required. 


4.5.3 (0) Storage and Display Specifications, (0) 


‘The computer core storage requirements for the programming 
and bulfera required for the software implementation of the system are 
‘shawn in Table 4-6. The total of 7, 150 words will fit into the В К of core 
which ia available on the Varian 620/f, If other features are added to the 
system or if the estimates given in Table 4-6 prove to be low, additional 
4 К increments of memory are avallabla. 
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TABLE 4-6. (U) COMPUTER CORE REQUIREMENTS. (U) 


Programs 
Signal Processing Programs 
Disc + eg 
ж ‘Teletype Handling 
Range Algorithm 


Buftere 


Input Buffer 
Time-Weight Table 
Sin/Cos Table 
Work Area 

Display Buffer 


Total 
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Words 


1500 
400 
400 

2000 


2048 
286 
128 
312 
ans 
3219 = 3250 


7150 


Ез сш å 


The azimuth calculations will result іп an 8-bit number (47 byte 1. 
Each uf two receiver pair» will cumpute 200 azimuthal points every 2.0 
seconds. These azimuital points will be stored 2 bytes to з 16-bit wurd en 
the disk, The disk te be used in the system has a storage capacily of 64,004 
approximately 4, 000 words will be used for program могаке. At 
200 words every 2 seconds, 600 seconds of data will be stored on the disk. 
The disk will always contain the most recent lo minutes of data. 


The spectral and azimuthal data will be dieplayed on an electro» 
graphic facsimile display. The display, shown in Figure 4-3, contains data 
frem oach of the two receiver pairs; these paire are referred to ав Channel 
A and Channel E in the figure. Each channel contains а spectral display of 
frequency, amplitude and time and an azimuthal display of angle, amplitude 
and tima, The specification for the display ате aleo given in the figure. At 
a sweep rate «Г one line per second and а resolution of 99 lines рег inch, the 
most recent 30 minutes of data will be displayed om the fax at one time. In 
Addition to the spectral and azimuthal display on the fax, the time code wil) 
be put on the fax, On the edges of the fax the time of day end the Julian day 
of the yenr will be encoded; this code will be put en once an hous, іл the 
area between the spectrum and azimuth displays, marke will appear at every 
one and ten minute transition of the time code generator. 


4.6 (v COMPUTER HARDWARE DESCRIPTION. (U) 
4.6.1 аз Computer: (9) 


The computer selected to perform tho signal proce 
related functions fe the Varian 620/1. The Varian 620/f computer 
speed, general purpoi 
cations. Ite featur 


and 


high» 
digital computer for scientific and industrial appli- 
ineluds 


Fast operation: 750-nanosecond memory cycle 
Large instruction 
repertoire: 148 instructions 

Word length: 16 bite 

Modular core memory: Expandable to 32, 768 words in 4,096 Increments 

Automatic data transfer: Direct memory access facility provides auto» 
matic data transfers with rates to 275,000 words 
per second 

4-19 


UNCLASSIFIED 


SPECTRUM. 
fA) 


Анн 


SPECTRAL CHANNEL 
ALIMUTHAL CHANNEL 


ANPLITUDE 


HORIZONTAL RESOLUTION 
VERTICAL (TIME) RESOLUTION 
SWEEP RATE 


CALIBRATION 
LINES 


OKT AND TEN 
MINUTE MARKS. 


TIME ОҒ DAY, 
DAY OF VEAR 
^ 


-о +30 
--- 
а degrees 


0-20 Hz 0.1 Mz RESOLUTION 
мін. MIDE 5 Mi PER INCH 

«30? то 4309 0.25? RESOLUTION 
2. m. VIDE 259 PER INCH 

32 LEVELS OF GREY SCALE 

50 LINES PER INCH 


99 LINES (SECONDS) PER INCH 
Y LINE PER SECOND 


Figure 4-3 (0). Fathometer Display. (0) 
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4.6.1 QU) — z Continued. " 


Muhipie addresaü Direct, indirect. relative, Index (pre and pests, 


immediate, and extended 


ц: 


Flexible 1/0: Ten devices may be placed nn the 3/0 bun. The 
1/0 system can ови у be expanded to include 
р features such a» automatic block transfer, 
priosity interrupt, and cycle: ing data 
transfers 
a || Extensive software: Complete package includes i 
zN bler, subroutine library, A/D diagnosi св, and 
| an ASA FORTRAN compiler 
2 L The mechanical specifications for the 620/f are-- 
~ 5 Dimensions: Тһе mainframe and expansion frames are 
4 . 10-1/2 inches high, 19 inches wide, and 21 
t inches deep. 
#7 pe Input voltage: уо» to 122V ac or 210 to 250V ac, 60 НЕ 
- Input current: The mainframe power supply requires approxi- 
E mately 15 amperes ac; each expansion frame 
power supply requires approximately å amperes 
> ас. 
Do reme - 
- Operating o to 50 degress С 
" Storage 20 to 70 degrees C 
2 г Humidity: 
* d Operating То 90 percent without condensation 
й Btorags To 95 percent without condeneation 
Vibration: 3 to 10 He at 1g force от b. 25 double ampli 
tude, whichever is less. Exponentially-raleed 
frequency from 3 to 10 Hz end back to 3 НЕ 
over a 10 minute period, three complete еусјев. 
This specifications applies for all three prin- 
cipal axes. : 
Shock: 44 for 11 milliseconds {alt three principe 
| 2 exe) 
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untinued. 


The 620/f wai 


chosen on the bar: 


på four factores- 


A. speed, 

b. capability, 

€ mechanical specifications, and 
а, cost. 


The 250 nanosecond cycle time of the 620/f makes it one of the 
fastest 16-bit computers commercially available, This speed ie combined 
with a powerful inatruction sat which permite fast execution of the FFT and 
azimuth angle calculation algorithms end thus a duty factor of over 
500 percent inthe processing. The temperature, vibration and shock 
specifications exceed most computers in the 620/1's price /performance 
field, The basic cost of the 620/f is below or comparable to most of the 
16-bit computers іп it» performance field. 


4.6.2 өз plog-to-Digita) Conver! (0) 


The analog to digital converter (A/D) selected for the system is 
the Raytheon Miniverter, The model of the Miniverter selected is a 12-bit 
A/D which has a throughput rate of 45 KHz, an aperture time of 50 nano- 
seconds and a resolution of 5 millivolts. The Miniverter іе packaged in а 
very compact unit and has proven to be very reliable as a system compon- 
ent. 


463 (U) ал 


‘The disk selected for the system із the Singer-Librascope. 
Model 1107. The Singer-Librascope disk te a smell, inexpensive and very 
rugged disk system which meete all the system requirements, 


The apecifications for the Modal L107 ar 
Maximum capacity bites 1,080,000, 


Maximum capacity words: 67,000 
Data heads: 4 
та 


Timing hen: 
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4.4.3 аз 


Maximum bits/track: 
Rotation specs, RPM: 


<> Continued. 


24,000 
3,600 


Clock (requency, MHz Мак. t 1,4 


The mechanical specifications are · 


Dimensions: 

Weight: 

Operating environment: 
‘Temperature 
Humidity 
Shock 


Vibration 


Nonoperating environment: 
Temperature 
Humidity 
Shock 


Vibration 


Power requirements: 
Disk 
Electronics 


6 inches high x 9 inches diameter 
12 pounds (approximately) 


OFC to 55°C 


eo percent Я. Н. without condensation 


10-Gs 11-maec rise time (no shock isolators 
required) 


2-Ge acceleration max., 5 Hz to 50 Ha 


- (no shock isolators required) 


-50°C to +75* С 
95 percent relative humidity, no condensation. 


15-0» 11-mese rise time (with no shock 
isolatora) 


equipment specifu 
Thi» equipment category is for shipment by 
common carrier, land or air. 


115Y ac, 50/60 Нз, single phase 1.54 


45V de at 1. 4A. 
-V de at 0.254 
425V de at 0. 24 
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APPENDIX A 


PROPAGATION РКЕБІСЗІОХ PROGAAM. ПО 


p т ‘The propagation prediction program used to estimate the 
aysterh performance basically combines а modified version of the 11 / 
ESSA HF propagation prediction program for mode and mode amplitude 
prediction; the bisiatic radar range equation to predict the received aratier 
path power: зра an ITSAf ESSA noise prediction program to 
atmospheric, man made, and galactic noise at the receiver sile. 


КА od The prediction program package consists of individual 
computer programs that (а) compute a target trajectory; (b) predict 
mode structure and mode amplitude; and (c) predict the doppler 


(9 WE re trajectory simulation program estimates the misnile 
or airåraft trajectory based upon fitting the Might profile во a functional form 
using a least-squares fit technique. The required inputs to generate the 
mode! profile are liftoff and burnout times, launch azimeth, apogee, and 
range. The program then computes altitude, range, latitude, longitude, 
velocity, the wpced of sound, Mach number, Mach angle, local target 
bearings, local target elevation angles, and acceleration Тһе computed 
parameters serve as inputs to the propagation prediction program to deter» 
mine mode structures with a time varying terminal point on the trajectory. 


00 The ITSA/ESSA propagation prediction program hae bern 
modified te allow for non-conproent hop structures and for propagation to and 
reflection (rom a point above the earth. The program predicts the mode 
structures that meet ionospheric propagation conditions on each of the three 
Pathe: the direct (transmitter-receiver) path, the transmitter-target hell 
path, and target-recaiver half path. 1а addition, the propagation losses and 
antenna gains for each mode are determined. For each mode predicted on the 

tranamitter-misslde half path, an "incident" (at the target) elevation angle, - 
. sured from the local horizon, is found. For each mode predicted an the 

get«recelver half path, the “scattered” elevation angle is also found. There 
e Are thea used with a modeled profile to predict doppler frequenciei 


„Ш Propagation predictions are based on empirically derived 
numerical maps of vertical lonosonde data. The results ar 
ары Ме coefficients which can be used with the parabolic laser 


monthly å 
assumption (parabolic electron density variations in the E and Р layers! 
te predict monthly average ionospheric conditions affecting a epecilic ray 
path at ony hour of the day. 


Ol J In the prediction modal, all line of sight, E and F propa 
modes ave determined between the transmitt between the 
And between the transmitter and the receiver. Abe 
determination of the af patha“ ie a generalization of the ground-to- 
ground prediction technique to include the c. elevation-paint 
predictions. 


(9) Atter the mode structures that meet the ionospheric conditions 

are ение, (those between horisontal screening and lonospheric penetration! 

props з and antenna gains are determined, The losses calculated 

Åre free space loss (inverse square law), D-layer absorption Јова, and ground 
lection loss. The NBS empirical adjustment factor is included on the 

direct-path predictions to account (ог non-calculated loi This factor de 

statistical and varies with season, path length, and earth location of the 

path. No similar a ‘or known for the half paths, 

The antenne typ! un 

routines or gain tabh 


9 Tho target scattering model for miselle targets above 
100 kh 4a a hypesbolold compressed-amblent ionization in the exhaust-plume 
bow shock wave. The ahockewave scattering surface is considered hyperboloidal 
from photographic observations which have shown that the shock-wave surface 
by a second order function and that the shock-wave surface 
should be asymptotic to the Mach cone. 


(U) (rhe direction of the rayo for the tranamitter-minaile 
receiver-mi propagation paths uniquely define а plane tangent to the 
hyperbeleidal surface which has the proper orientation for а reflection, 
provided the incidant ray encounters a high enough electron density for 
reflection, 


(0) QP since little definitive work has be 
modal missile cross sections below 100 km or aire: 
Ж constant lddjustabla) cross section іе used for aircraft and missile targeta 
below 100 km. 


е to accurately 


(0) u. antenna pain patterns for both the monopole transmitter 
TM the LDAA recelving antenna are part of the program. The 

a supplied by ITT by using 

asimuth patterns predicted by the array factor &hnique for 16 menopole 

diemeni and the elevation patterns from scaled model measurements. 


